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Abstract
Surface texturing of different types of materials has been explored through the years
with the aim of modifying the intrinsic properties of such material surfaces. A wide
range of surface texturing processes has been developed for the manufacturing industry,
always looking to improve the quality of the final results while reducing the associated
costs. Surface structuring processes for the modification of the wettability properties
of the materials has been one of the most explored subjects in this area. This type
of surface modification is mostly aimed at inducing high water repellence capabilities
for different purposes such as self-cleaning and anti-icing. Development of this type
of surfaces usually required the creation of micro and nanoscale feature in the mate-
rial surface, however, surface micromachining processes have been always a challenging
subject due to the scale of the required work, increasing the required manufacturing
complexity and production costs.
Laser surface texturing has gained popularity in the micromachining surface processing
due to being an accurate and highly controllable process capable of producing surface
features in nano and micro scales. The use of ultra-short pulsed lasers with pulse dura-
tions in the range of femto and picoseconds have been capable of producing incredibly
accurate results on the creation of surface features in these scales giving a significant
advantage compared with traditional processes. On the other hand, the complexity of
these types of laser systems and the low throughput capabilities have limited their use
to mainly research purposes.
The introduction of robust nanosecond pulsed fibre lasers has opened a window of op-
portunity for the development of surface texturing processes with flexible and almost
maintenance-free equipment suitable for the manufacturing industry. Due to the longer
pulse duration, this type of laser systems are only capable of creating surface features
in microscale producing significant thermal effects compared with ultra-short pulsed
lasers.
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The main aim of this thesis is to develop a surface structure capable of modifying the
wettability properties of Ti-6Al-4V and thus develop a super-hydrophobic effect with
the use of a nanosecond pulsed fibre laser.
A comprehensive study to understand the ablation mechanism of Ti-6Al-4V using the
nanosecond pulsed fibre laser was carried out for a single pulse ablation process. The
results reveal the effects of duration and temporal pulse shape in the ablated craters
on the titanium alloy, showing a direct correlation between the amount of removed and
molten material produced by the laser ablation process. These results provided a map
of suitable parameters for the surface structuring process.
The creation of micro-pillar like surface structures through laser ablation showed to
be beneficial for the development of a super-hydrophobic state of the titanium alloy
surface. Molten material deposition due to the thermal component of the nanosec-
ond pulsed laser was beneficial for the development of super-hydrophobic surfaces with
static contact angle ≈ 163◦. A thermal post-processing was carried out for the im-
provement and stabilisation of the oxidation created on the surface by laser ablation
developing the super-hydrophobic behaviour in the created micro-structure.
Surface nano-structures induced by a picosecond laser were produced on top of the
micro-pillars showing improvements of the super-hydrophobicity state of the surface
structure. Alternative single laser surface structures were created with different pulse
durations (in the nanosecond regime) in order to emulate the induced nano-structures.
These structures displayed super-hydrophobic effects increasing the static contact an-
gle to ≈ 168◦ and contact angle hysteresis under 10◦ clearly displaying high water
repellency capabilities.
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The research presented in this thesis is primarily concerned with laser surface textur-
ing for the modification of wettability properties. The applications of laser surface
texturing have been widely explored over several years. A number of advantages can
be obtained with the use of lasers for modifying the surfaces of materials compared
with traditional manufacturing methods such as mechanical machining and etching
techniques. These include chemical cleanliness, controlled thermal penetration and
distortion, non-contact processing, reduction in the number of required tools and ease
of automation[1].
Due to the flexibility of lasers, most metallic materials are suitable for surface textur-
ing. The accuracy and versatility of laser processing are highly valuable, especially
with the use of high-value products. The flexibility of a laser process lends itself well
to low volume high-value production such as in the aerospace industry (Figure 1.1).
David Rico Sierra 1 PhD. Thesis
1. Introduction
Figure 1.1: Laser drilling of a combustion chamber LASERTEC
Recently, laser surface texturing for the modification of wettability properties of met-
als has been the subject of numerous research studies due to its potential benefits and
applications, such as self-cleaning surfaces, efficient catalysts and fluid transport[2–6].
Currently, continuous wave (CW) and long pulsed lasers (milli- and microsecond pulse
duration) are widely used in different manufacturing industries; this is due to the cost-
effectiveness of these systems and their use. Typical processes for these lasers include
cutting, welding and additive manufacturing. For surface texturing, shorter pulsed
lasers are typically required. Several laser systems are currently available on the mar-
ket. Picosecond (ps) and femtosecond (fs) pulsed laser system have been proven reliable
for the surface texturing of materials for the modification of wettability properties due
to the high precision and low thermal input. However, the high cost and complexity
of equipment and the environment required for the correct operation has limited these
systems to purely research purposes to date. Besides this, the low manufacturing vol-
ume capabilities increases the limitation for the use of these systems in industry.
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The use of fibre lasers has been increasing in the manufacturing industry in recent
years. The power output of CW fibre lasers has been increased at a steady pace.
This increase in power capabilities has made of fibre lasers one of the fastest-growing
technologies due to the high demand of rapid growth industries such as additive man-
ufacturing (Figure 1.2).
Figure 1.2: Additive manufacturing process from Renishaw
The introduction of high power fibre lasers in the manufacturing process has been a
success due to a number of advantages over competing technologies such as gas-based
and solid-state lasers. Maintenance-free, compact robust designs and minimal moving
parts of fibre laser systems have made this technology a revolutionary tool for the
industry. Furthermore, a relatively high wall-plug efficiency (∼40%), compared with
gas-based systems such as CO2 lasers (∼17%), makes these systems an important tool
in manufacturing industries[7, 8].
Laser processing with pulsed lasers is well established, and although there are regu-
lar incremental improvements in laser source capabilities, step changes are few and
far between. The majority of pulsed lasers rely on q-switching to generate the high
peak power densities by using an external crystal to store and release energy in pulses.
These devices are limited by q-switching technology that limits the flexibility of pulse
frequency, pulse length and pulse energy.
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A new range of pulsed fibre lasers that do not rely on q-switching to generate nanosec-
ond pulses has been recently introduced; this gives significantly more flexibility in
terms of pulse length, peak pulse power and frequency, giving users a broader range of
processing parameters. The low cost and flexibility of these laser systems make them
attractive for the manufacturing industry.
Fabrication of surfaces with modified wettability properties has been researched and de-
veloped through different manufacturing methods due to its different applications such
as anti-icing, anti-corrosion, self-cleaning surfaces, etc. The ability to repel water from
the surface due to the roll-off of the liquid without wetting it makes super-hydrophobic
surfaces an interesting and high valued functionality of a product. A key unique aspect
of laser technology is to be able to modify surface properties only where it is required[9].
There is an opportunity to develop laser surface texturing techniques capable of selec-
tively modifying the wettability properties of materials and products. Ti-6Al-4V is one
of the most used titanium alloys in various industries due to its corrosion resistance
and high strength with relatively low weight[10]. Applications of interest are water
repellence, self-cleaning and particularly de-icing of the materials. The de-icing effect
is a particularly interesting property in the aerospace industry due to the ability to
decrease the threat of ice accumulation on the aircraft surfaces. This can reduce the
possibility of a dangerous change in the aerodynamic shape of the aircraft on icing
conditions[9, 11].
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1.2 Aim and objectives
The aim of this research is the laser surface texturing of Ti-6Al-4V with a nanosecond
pulsed fibre laser for the controlled modification of wettability properties. The main
goal is to create a super-hydrophobic state of the surface, meaning that it is extremely
repellent to water. The requirements for this surface state are a low surface energy
which is related to surface chemistry and topography. The focus of this thesis is to
carry out a thorough investigation of the material ablation, the micro-structures cre-
ated and the process conditions affecting surface chemistry. The main objectives of
this research are:
• Identify the key parameters for the laser surface texturing with a nanosecond
pulsed laser and the effects of pulse energy and pulse duration in the creation of
surface micro-structures.
• To investigate different scanning techniques for the creation of stable super-
hydrophobic surfaces on Ti-6Al-4V.
• To identify the necessary conditions for the stabilisation of a super-hydrophobic
micro-surface over time.
• Identify the effects on wettability properties of adding laser-induced periodic
surface structures (LIPSS), using ultra short pulsed lasers, on the created micro-
structure and to develop an alternative surface structure with a single nanosecond
pulsed laser.
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1.3 Thesis structure
This thesis consists of six chapters. The current chapter provides an early introduction
and insight into the motivation behind the research, including the main objectives of
the project.
Chapter 2 contains a detailed review of the background and the current state of the
art research on laser surface texturing for wettability modification. A detailed obser-
vation is given for the use of lasers and their effects on the surface texturing of metallic
materials, in particular on Ti-6Al-4V.
Chapter 3 gives detailed information about the systems and equipment used for the
presented research. Arrangements and research methods are explained and detailed
through the research project. Information about the experimental procedures and ma-
terial selection used throughout the thesis are explained. The market opportunities are
highlighted and the possible application of the research is provided.
Chapter 4 presents a detailed study of the ablation process with a nanosecond pulsed
fibre laser on Ti-6Al-4V. This analysis was carried out with single and multiple pulse
ablation processes for a range of pulse durations from 65 to 200 ns. The influence of
pulse duration in the ablation process is characterised in order to create a map of suit-
able processing parameters for laser surface texturing processes on the titanium alloy.
Chapter 5 presents the experimental results with the creation of micro-pillar surface
structures on Ti-6Al-4V with varying pulse durations in order to explore the effects
on the created surface structure. The optimisation of the surface texturing process is
explored as well as the influence on the wettability properties of Ti-6Al-4V. The oxida-
tion of the micro-structure is explored and the influence in the wettability modification
is highlighted through the analysis of the oxidation state of different created surfaces.
Chapter 6 highlights the improvements in the wettability properties with the imple-
mentation of a hierarchical surface structure (micro and nano surface structure). The
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use of LIPSS for the creation of nano-structures on the material as a viable method
for the surface modification. Surface oxidation analysis of the hierarchical surface is
explored in order to verify the modification in the material and how this impacts on
the wettability behaviour. An alternative surface texturing technique with the use of
a single nanosecond pulsed fibre laser is also explored for the development of super-
hydrophobic surfaces on the titanium alloy.
Chapter 7 presents a discussion of the obtained results from chapter 4 to 6 including
comparisons and references to previous investigations on laser surface texturing for
super-hydrophobic behaviour.
Chapter 8 highlights the main findings through the research process presented in the
current work and provides recommendations for possible future work for the creation
of super-hydrophobic surfaces based on the research findings.
1.4 Summary
The main motivation for this research is based on the modification of the wettability
properties of Ti-6Al-4V with laser surface structuring. The increasing use of laser sys-
tems in manufacturing processes and the wide application for materials with targeted
modified wettability properties provide a high potential for industrial applications.
This thesis focusses on the use of a state of the art robust nanosecond pulsed fibre
laser suitable for industrial applications. Compared with complex femto and picosec-
ond pulsed laser systems, the relatively low cost, flexibility and industrial robustness
of the nanosecond pulsed fibre laser makes this research of significant interest for man-
ufacturing processes.





This chapter presents the background and a detailed overview of different surface tex-
turing processes produced by conventional manufacturing techniques as well as with
state of the art laser systems. Relevant information regarding laser technology and op-
eration principles is also reviewed emphasizing advantages and disadvantages between
the different types of laser systems. An overview of the material interaction mecha-
nisms for surface texturing with short and ultra-short pulsed lasers is also explored in
order to provide the background for this study.
The background theory and fundamental characteristics of super-hydrophobic surfaces
are also explored in order to understand how the surface structure can modify the
wettability properties of the materials. This provides the relevant information needed
for the design of surface micro-structures for the wettability modification of Ti-6Al-4V
to be explored in this study.
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2.2 Surface texturing
Surface texturing processes are associated with the creation of tribological features,
generally associated with the creation of grooves or dimples, in order to enhance differ-
ent properties of the modified material or product. These types of features have been
widely explored due to the benefits that an appropriate surface texture can provide,
such as altering the flow of lubricants or even reducing the tool wear in materials ma-
chining[12, 13].
Tool quality and endurance are of significant importance on surface texturing of metal-
lic materials. Slight surface scratch or defects on the finished product can result in
complete rejection depending on the manufacturing requirements. Several investiga-
tions have been undertaken in order to improve different tribological effects on metallic
surfaces, increasing of surface roughness for increasing friction values, wear and tem-
perature between sliding textured surfaces[14–16].
Several surface texturing techniques have been developed through time in order to
implement the desired surface topography for a wide range of applications. The imple-
mentation techniques can be divided into three main classifications, additive, formative
and subtractive, a brief description will be presented in the next sections.
2.2.1 Additive techniques
Modification of surface structures can be achieved by the addition of thin films of
substrates on the material surface. This process is generally based on material being
deposited through physical or chemical methods. Chemical methods rely on chemical
reactions between the adding material and the substrate, forming a strong bonding
between both of them. Physical methods are usually based on the joining of the de-
posited material through solidification, aggregation and sputtering[17].
David Rico Sierra 9 PhD. Thesis
2. Literature review
Chemical methods
• Chemical conversion coating: Is a passive method where the original surface
is covered with a chemical component in order to generate a chemical or electro-
chemical reaction, producing a protective layer or even a surface texture. This
method is widely used on corrosion resistance enhancement of different products
in the automotive industry. However, due to industry competition, most of the
specific details regarding several of these processes are closely protected[17, 18].
• Chemical vapour deposition: Is produced when the substrate is subjected to
a thermal process inside a chamber containing one or more gases. A chemical
reaction is then produced between the heated substrate and gases resulting in a
thin layer of material being deposited on the substrate. This method can be used
for tribological applications and protective coatings on metallic materials[19].
• Electrochemical deposition: With this technique, a metal coating is created
on the substrate. In order to do this, the substrate is used as a conductor and
submerged in a solution containing the desired metal ions or chemical elements.
The materials within the solution are then deposited on the substrate by elec-
trolysis[20].
Physical methods
• Physical vapour deposition: Is similar to the chemical vapour deposition
(CVD) where a thin layer of vapour containing the desired elements is deposited
in the substrate. The evaporation process is achieved inside a vacuum chamber
activated by a physical process. The evaporated particles are then ejected and
deposited on the material substrate forming a thin layer with the desired surface
characteristics[21].
David Rico Sierra 10 PhD. Thesis
2. Literature review
• Patterned curing process: Within this method, a thin layer of polymer or
metallic material is applied to the substrate and cured with the use of chemical
curing agents, UV radiation or heat. This creates a solid film adhered to the
surface with good chemical and mechanical resistance, especially when metallic
particles are applied. One of the bottlenecks for this method is the required time
for the curing of the material deposited on the substrate[17].
• Ink-jet material deposition: In this process, the material is deposited into the
substrate in a liquid form and then solidified in order to create the required surface
structures. Within this method metals, polymers and ceramics can be deposited
into the substrate. The required methods to transport the solid particles vary
depending on the material, and can vary between the heating of the particles or
their transport through a liquid solution[22, 23].
• Laser cladding: Similar to ink-jet printing laser cladding relies on material
being deposited into the substrate. The material is usually in a powder form
transported via gas flux and then melted into the substrate due to the heat
provided by a controlled laser beam. Within this method, the molten material is
adhered to the substrate and then solidified in order to create the desired surface
features or producing complete parts into the substrate[24].
Figure 2.1: Laser cladding process[25].
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2.2.2 Formative techniques
This process can be characterised by the plastic deformation of the substrate and
subsequent deposition in a different location for the formation of surface structures[17].
• Surface wrinkling: This method consists in the use of different methods to
modify the substrate, such as oxidation or coating processes on thermally ex-
panding polymers. The film of the material is then subjected to stress due to the
cooling of the polymer creating a buckling in the surface. This patterning process
is often used for the modification of thin metal foils and can find applications on
optical sensors[26].
• Mechanical material displacement: This type of surface texturing processing
is commonly known as embossing. Within this method a plastic deformation is
applied into the substrate in order to transfer the tool shape into the surface. This
process usually requires the use of hardened and abrasive tools to be capable of
producing the required shape into the material surface[17].
• Laser shock peening: This process is created when the material substrate is
covered by a sacrificial layer. This layer is then processed with a high power
pulsed laser providing energy output usually in the range of 10-500 J/pulse and
pulse durations under 100 ns into the sacrificial layer. This process produces
a shock wave that is then transmitted into the material substrate producing a
plastic deformation and then modifying the surface. The use of the sacrificial layer
can be beneficial in order to avoid the melting or even ablation of the substrate.
This method has been shown to improve fatigue performances and mechanical
properties of different alloys[27]. Figure 2.2 shows a schematic representation of
laser shock peening.
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Figure 2.2: Schematic image of laser shock peening process[27].
2.2.3 Subtractive techniques
Chemical methods
Chemical etching is one of the most used methods for the modification of surface
materials in the industry due to low cost and efficient material removal. The process
is based on the removal of material from the surface due to the chemical reactions
between reactive agents and the substrate[17].
• Wet etching: Is produced when the substrate is submerged on a chemical so-
lution or sprayed with it. The chemical solution produces a reaction on the
substrate capable of removing material due to a chemical reaction. In order to
control the shape and features produced by this technique, a mask shield resis-
tant to the chemical components is placed on the substrate avoiding the material
removal on the surface covered by the mask[28].
• Dry etching: In this process, the material is removed from the substrate due
to etchant gasses or plasma. However, these type of processes requires expensive
equipment such as vacuum chambers in order to produce a suitable surface tex-
turing. The most common methods for dry etching processes are plasma etching,
where the substrate material is processed with the kinetic energy of particles
delivered by ion beam, electron beam or photon beam, evaporating the material
from the surface. Gas-phase etching, etchant is used to produce a gaseous reaction
on the substrate thus removing material from the surface. Reactive ion etching
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is a process where reactant gases are excited to ions using a strong electrical field
directing them to the material substrate under low-pressure conditions[17, 28].
Mechanical methods
• Grinding: In this process, an abrasive material is used in a grinding tool or
wheel in order to generate an intense local stress in the contact point of the
substrate. This removes the material from the surface due to brittle fracture or
plastic deformation of the substrate[29].
• Honing process: This method consists of a low-velocity abrasive process usually
produced by a rotating tool with one or more abrasive stones in order to remove
material from the substrate. This process is usually used for material finishing
removing waviness and traces of grinding on the surface[30].
• Patterned erosion process: Under this method, an abrasive particle stream is
applied into the substrate at high pressures. The particle size within the stream
is selected according to the size of the required features. This method includes
bead blasting, sandblasting, shot blasting and soda blasting[17].
• Ultrasonic machining: In this process a vertical tool transmits ultrasonic vi-
brations, usually with frequencies of ≥ 20 kHz, into an abrasive slurry between
the tool and the substrate. The vibrations produced by the tool are transferred
into the abrasive particles within the slurry, producing an interaction between
the abrasive particles and the substrate in order to remove material due to micro-
chipping[31].
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Figure 2.3: Schematic for ultrasonic machining process[32].
• Vibro-mechanical texturing: This process is based on a standard turning
process. In the standard process, a cutting tool engages a rotating work-piece re-
moving the material depending on the cutting tip geometry and depth of cutting
parameters. The vibro-mechanical texturing process follows a similar approach
but applies an ultrasonic vibration into the cutting tool in a perpendicular direc-
tion to the work-piece and thus creating the required surface texture due to the
removal patterns produced by the ultrasonic vibrations[33].
Methods involving high temperatures
• Electrical discharge texturing: Is a variant of the Electrical Discharge Ma-
chining process(EDM). Within this process, the material is removed from the
substrate due to the electrical discharge applied to the substrate by an elec-
trode(tool). The substrate is submerged in a dielectric fluid and then an elec-
trical discharge is applied through the electrode(tool), producing a spark and
effectively removing material from the substrate due to a thermal vaporisation
mechanism[34]. This process can be undertaken without the need for a dielectric
fluid between the electrode (tool) and the substrate. In this case, the electrode
is placed at a shorter distance from the substrate and a high voltage is induced
in order to create an electric arc. This creates the required spark and high tem-
perature in the substrate and thus, producing the removal of material[17, 35].
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• Focussed ion beam: This process relies on a focussed ion beam in order to
remove material from the substrate due to the high energy density and the small
diameter of the beam. The material is then removed by physical sputtering,
although, part of the material is re-deposited on the substrate. In this process,
gas can be used within the chamber processing in order to increase the removal
rate[36].
2.3 Laser surface texturing
This method is based on the interaction of a focussed laser beam with a substrate.
This interaction can produce heating, melting, vaporisation or even ablation at very
high intensities and short pulse durations. The ablation process triggers the material
removal from the surface similar to the process achieved through Focussed Ion Beam
(FIB) described in the previous section[17]. In order to fully understand the mechanics
behind the process, laser ablation is described in the next section.
2.3.1 Laser ablation
The laser ablation mechanism can be described as the heat transfer into the substrate
due to the excitation of molecules produced by the laser beam. The substrate is then
heated causing the vaporisation of the material and the posterior ejection of the re-
moved particles[37]. The ablation process is usually produced with pulsed laser systems
in the range of nanoseconds to femtoseconds. The substrate removal mechanism can
be divided into three stages:[38]
• Absorption of energy: In this stage, the substrate is irradiated with the laser
beam usually at the focal point of the system in order to reduce the beam diam-
eter and thus increase energy intensity within the surface. The substrate is then
heated above the vaporisation point of the material initiating the ablation pro-
cess[39]. The removed particles through the vaporisation process are then ejected
from the substrate forming a plasma plume that can be continuously excited by
the laser beam depending on the pulse duration used[40].
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• Transformation: The ejected substrate particles are then suspended into the
plasma plume. The suspended particles are then mixed with the ambient condi-
tions inducing a chemical reaction of the particles due to the high-temperature
conditions of the plasma plume. This can create new compounds on the debris
from the laser ablation process[40].
• Condensation: The intense heat produced by the laser pulse and the plasma
formation starts to diffuse into the surroundings. This last stage produces the
solidification of ejected particles and molten material around the processed area
of the substrate. The deposition of new elements particles is possible due to the
possible chemical reactions within the plasma plume. [40, 41].
Figure 2.4 shows a schematic representation of the three stages of the substrate removal
process through laser ablation.
Figure 2.4: Schematic diagram of the stages for material removal through laser ablation:
a) initial beam interaction, b) continuous excitation due to laser irradiation, c) end of the
laser pulse, and d) condensation of removed substrate particles[41].
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Laser ablation process can be achieved with both short (nanosecond) and ultra-short
(pico and femtosecond) pulsed laser systems. Both of these systems transfer the en-
ergy into the surface layer, the penetration of this energy is indicated by the optical






• α is the material absorption coefficient for the laser wavelength used.
Laser surface processing relies on heating the substrate above the vaporisation point
in order to remove material. In order to understand the heat interaction within the





• D is the heat diffusion coefficient of the material.
• τp pulse duration of the laser.
Equation 2.2 describes the diffusion length in correlation with the pulse duration of the
processing laser beam. As can be observed if the pulse duration of the laser increases
the thermal diffusion will increase as well. This means that an area bigger than the
laser beam spot size is affected on the material substrate. This is typically observed in
laser ablation processes with pulse durations in the range of nanoseconds and above.
However, if the pulse duration decreases, typically with picosecond and femtosecond
pulse durations, the area affected on the material substrate can be reduced enough to
be confined within the laser beam spot size area[42].
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The difference in the pulse duration has a great impact on the shape and quality of
the surface structures produced. This differences can be observed in Figure 2.5.
Figure 2.5: Schematic diagram of laser ablation under different pulse durations, a) Laser
ablation induced by ultra-short pulsed laser, b) Laser ablation induced by short pulsed laser[43].
Figure 2.5 shows the main differences created on the substrate material by laser abla-
tion under different pulse duration regimes. As can be observed a clear advantage can
be observed for laser ablation with ultra-short pulsed lasers (picosecond and femtosec-
ond pulse durations) over short pulsed laser ablation (nanosecond).
With ultra-short pulsed laser ablation the material is removed from the substrate due
to a direct transition from the solid to vapour state. This reduces the thermal effects
induced into the material substrate especially with laser ablation in the femtosecond
regime[42, 44]. The picosecond laser ablation regime can create a small amount of
molten material deposition on the surface, however, the ablation process still follows a
direct material transition from solid to vapour[45].
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The laser ablation with short pulsed lasers (nanosecond regime), produces a different
transition state of the substrate. Due to the longer interaction time of the laser pulse,
the material is melted and then heated until particles of the molten material are evap-
orated. Due to the vaporisation process being produced in the liquid form material,
part of this is ejected from the substrate due to the plasma and vapour formation. This
creates the surface debris accumulation shown in Figure 2.5 (b). Nevertheless, not all
the molten material is ejected from the substrate, therefore, the remaining molten ma-
terial is solidified after the laser pulse irradiation and a recast layer is formed on the
material surface[43].
The short pulsed laser ablation (nanosecond regime), leads to a significant increase in
the amount of material removed from the substrate with a single pulse compared with
ultra-short pulsed ablation[46]. This also increases the molten material deposition on
the material substrate increasing the overall roughness of the surface structure created.
These effects can improve the surface structuring process, reducing the amount of time
required for their generation. The generation of surface structures using a short pulsed
laser ablation process is the main focus of this thesis and their results are explored in
the following chapters.
2.3.2 Laser Induced Periodic Surface Structures (LIPSS)
Laser induced periodic surface structures or LIPSS are ripples-like surface structures
induced by circular or linearly polarized lasers[47]. This type of structures can be pro-
duced in different types of materials such as metals, semiconductors and dielectrics[48].
Different theories behind the LIPSS formation have been proposed through time, in-
cluding the interference of the laser beam radiation with the surface polaritons(a type
of quasi-particle), proposed by Emmony et al [49]. Interaction of the laser radiation
with the surface roughness of the material producing inhomogeneous absorption of the
laser beam, to the effects of electromagnetic waves on the surface due to the laser
radiation[50].
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One of the main characteristics of the LIPSS is the separation between the induced
ripples which is in correlation with the wavelength and polarisation of the laser beam
due to the electromagnetic wave interaction at the surface of the material. This means
that the separation between each one of the ripples is usually similar to the laser beam
wavelength and with a ripple orientation perpendicular to the laser polarisation on
strong absorbing materials such as metals and semiconductors. For polymers the rip-
ple orientation is parallel to the laser beam polarisation[50].
LIPSS with periods similar to the wavelength of the incident laser beam used for their
creation are called Low Spatial Frequency LIPSS (LSFL). The interaction of an elec-
tromagnetic wave scattered through the material surface due to the laser irradiation
is generally accepted as the mechanics behind the generation of these type of LIPSS.[50]
However, LIPSS with a distance between the induced ripples significantly smaller in
comparison with the wavelength of the laser beam used for their creation have been
observed. These type of LIPSS are usually called as ”non-classical” LIPSS or High
Spatial Frequency LIPSS (HSFL). These type of ripple structures can be oriented
perpendicular or parallel to the polarisation of the incident laser beam depending on
the irradiated material[51–53]. The mechanics behind the creation of these type of
LIPSS is still being discussed with several theories proposed such as, mechanisms of
self-organisation, oxidation, the involvement of plasmonic effects and more[50]. Figure
2.6 shows the two types of laser induced surface structures (LSFL and HSFL).
Figure 2.6: SEM image of (a) Low Spatial Frequency LIPSS (LSFL) and (b) High Spatial
Frequency LIPSS (HSFL) formed on Ti-6Al-4V surfaces and similar laser polarisation[50].




Light Amplification by Stimulated Emission of Radiation (LASER) is the main mech-
anism for the laser beam generation. Stimulated emission is a phenomenon postulated
by Albert Einstein in 1917 as one of the three interaction processes between light and
matter. Light produced by normal sources such as the sun or light bulbs produces radi-
ation in all directions with various frequencies components. In contrast, the radiation
produced by a laser is highly-collimated with a narrow spectral linewidth, focussing
the radiation in a single direction. The radiation direction within a laser is determined
by the axis of the optical resonator[54].
2.4.2 Operation principle
The basic principle for the generation of a laser beam is the stimulated emission due
to light travelling down an optic axis confined between two mirrors. This makes the
light to oscillate between the mirrors back and forth. An gain medium is placed on
the optic axis between the mirrors. One of these mirrors must be partially transparent
to the beam wavelength in order to transmit the rest of the light to produce the laser
beam out of the system. The medium amplifies the oscillations of light due to the
stimulated emission mechanism. This gain medium determines the wavelength of the
laser beam and can be semi-conductor, solid-state, liquid, gas or relativistic electrons
beam(free electron). This produces a photon from the gain medium to be stimulated at
high energies by the light photon travelling within the optic axis(population inversion).
The direction and phase from the stimulated photon will be equivalent to the incident
photon, producing photon oscillation along the optic axis. In order to the activate the
gain medium, a pumping system is required, this can be an electric current, a chemical
reaction, a focused pulse of incoherent light, glow or radio frequency discharge[55–57].
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Figure 2.7: Schematic diagram of the generation principle of lasers[56].
Figure 2.7 presents an schematic representation of steps for the laser beam generation
process according to the operation principles previously described.
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2.4.3 Fibre lasers
Fibre laser operation is based on using an optical fibre as the active medium. This
type of laser uses a double clad design confining the pump light in a multi-mode optical
waveguide. The double clad is around the rare earth doped central core(gain medium),
enabling the use of low brightness high power diodes as a pump. The confinement
produced by the double clad force the pump light to repeatedly interact with the cen-
tral core (gain medium) along the fibre length. Low maintenance requirements and
robustness against thermal effects are two of the main advantages over other types of
laser sources.[58]. Figure 2.8 shows a representation of the fibre laser.
Figure 2.8: Schematic representation of a double clad optical fibre[58].
Due to the long geometry of the optical fibre, this type of laser has a superior thermal
load handling. This thermal handling capability allows the use of fibre lasers in manu-
facturing environments with minimum maintenance requirements. However, this type
of lasers usually requires a power amplifying method in order to obtain energy levels
suitable for laser processing[58].
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2.4.4 Operation modes
Laser systems can be operated in two basic modes, continuous wave (CW) and pulsed
mode. Continuous wave laser delivers a constant, uninterrupted laser beam, usually
with a stable output power. In a pulsed mode lasers, the beam power is delivered
in short period of time. This mode usually emits a high energy in the period of time
defined by the pulse duration producing a high laser peak power as shown in Figure 2.9.
Figure 2.9: Schematic representation of laser operation modes, a) Continuous wave mode,
b) Pulsed mode.
In this thesis, the pulsed mode of the laser is used for the surface texturing of the
titanium alloy. Several technologies are available for the generation of short and ultra-
short pulsed lasers, a brief description is presented in the next section.
2.4.5 Generation techniques for short and ultra-short pulsed lasers
Q-switching
Laser pulses through Q-switching technique are generated by stopping the laser gen-
eration accumulating the population inversion within the gain medium. In order to
stop the laser generation, an increase in the resonator losses are produced through
an electro-optic modulator or switch, thus blocking the resonator. The increase in the
resonator losses are produced by changing the Q factor of the resonator. If the Q factor
(or resonator quality) increases, the resonator losses are decreased. The low Q factor
on the resonator is then maintained until the gain medium has the maximum energy
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stored. After this, the resonator losses are decreased by increasing the Q factor and
the laser pulse is produced. This technique allows high pulse peak power levels genera-
tion in the range of kilo-Watts (kW), mega-watts (MW) or even giga-watts (GW)[59].
Figure 2.10 presents the temporal pulse generation with a Q-switching technique.
Figure 2.10: Temporal development of a laser pulse through Q-switching technique. Pump
power or lamp output, resonator or cavity loss, inversion or population difference of the upper
and lower laser level, and laser power output[59].
Mode locking
Within a normal laser, the beam light is reflected between the two mirrors back and
forth. Due to this light oscillation within the cavity, standing waves are produced due
to the light interference. These standing waves produce longitudinal modes within the
laser cavity. These modes oscillate independently from each other almost like an inde-
pendent laser within the laser cavity[60, 61].
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In order to create a laser pulse with these longitudinal modes, the oscillation must
be modified in order to create a fixed phase between the individual modes. When
a fixed phase is induced in the different longitudinal modes, a constructive interfer-
ence between these modes will occur producing a localized radiation in space forming
a single laser pulse with high intensity[60, 61]. This method can be seen in Figure 2.11.
Figure 2.11: Mode locking laser pulse generation[62].
The mode locking pulse generation technique can be divided into active mode locking
and passive locking. Active mode locking relies on an external signal in order to induce
the fixed phase of the different longitudinal modes. This signal is usually induced by
an electro-optic or acousto-optic modulator modifying the resonator losses in order to
modulate the phase of the longitudinal modes[60].
In a passive mode locking, the modulation is achieved through the adding of a saturable
absorber generating the periodic modulation required for the fixed phase of the longi-
tudinal modes. Nowadays most of the passive mode locked lasers use semiconductor
saturable absorber mirror(SESAM). This device basically replaces the rear mirror in
the laser resonator[60].
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In order to amplify the power of the laser pulse a Master Oscillator Power Ampli-
fier(MOPA), is used as one of the most common methods. This method is composed
by a Master Oscillator generating the seed laser and supplying a small signal pulse
train in the range of mW. This can be a diode laser or a q-switched fibre laser. An
optical amplifier is then used to increase the laser power of the seed laser through the
gain medium. An advantage of a laser diode seed MOPA is the ability to change the
duration and the temporal shape of the pulse[63]. An schematic of the MOPA struc-
ture is shown in Figure 2.12.
Figure 2.12: Schematic of MOPA for a pulsed fibre laser[63].
As a modification to the fibre laser, an oscillator or cavity can be created with the
addition of a fibre Bragg grating to create a Master Oscillator. This type of modifica-
tion allows the increase of the power up to tens of m, whereby a set pulse train can
be subsequently amplified[64]. A schematic representation of the Bragg grating based
fibre oscillator is shown in Figure 2.13.
Figure 2.13: Schematic representation of Bragg gratings in a fibre laser core. (Image
courtesy of SPI Lasers, UK)
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Chirped pulse amplification
Power amplification of ultra-short pulses is generally required due to the low power
generated due to the small pulse duration. The energy of the pulse can be amplified
by cavity dumping, or a longer cavity design, however, the increase of femtosecond
laser pulses to µJ regime will increase the peak power into levels that would damage
or destroy most of the optical equipment required for the laser generation. In order
to avoid this, the pulse is stretched before the power amplification. After the power
amplification the pulse is compressed to its original pulse duration. This method al-
lows the amplification of ultra-short pulse lasers (usually in the femtosecond regime),
avoiding the damage to the laser cavity and its optical components[65]. A schematic
of a typical chirped pulse amplification set-up is shown in Figure 2.14.
Figure 2.14: Schematic of set-up for a chirped pulse amplification [66].
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2.5 Super-hydrophobic surfaces
2.5.1 Super-hydrophobic surfaces in nature
Super-hydrophobic surfaces can be observed in nature exhibiting micro and nanoscale
surface features that influence the water repellency properties. The creation of mi-
cro and nanoscale protrusions on the surface induces a decrease in the contact area
between liquid and surface[67]. This is due to the contact between the two elements
being constrained only with the tips of the created protrusions, allowing the creation
of air bubbles between the surface and the liquid[68–71].
Different types of super-hydrophobic structures have been studied over the years with
most of these investigations trying to emulate diverse characteristics observed in nat-
ural super-hydrophobic surfaces such as the lotus flower and taro leaf surfaces[67, 72].
Several studies have demonstrated that this super-hydrophobic behaviour is due to
the combination between a hierarchical surface structure (micro and nano scale), and
the combination of hydrophobic waxes in the case of the lotus flower. This wax layer
works as an hydrophobic coating of the surface allowing the formation of pockets of air
within the surface structure and decreasing the contact area between the liquid and
the surface[73, 74]. Figure 2.15 shows the wettability properties of the Lotus leaf.
Figure 2.15: a) SEM images of a Lotus leafs micro-structure with different magnifications,
b) water droplet in contact with the Lotus leaf surface [75].
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2.5.2 Theoretical models
The interaction between a liquid droplet and a surface can be defined by the Young
equation as starting point. This equation is used to predict the contact angle between
a liquid and a flat surface considering the equilibrium state of the three phases of the
system. These three phases are the solid-vapour(γSV ), solid-liquid(γSL) and liquid-
vapour(γLV ) interfaces[76]. The Young equation predicts the contact angle of the flat





Within Young equation γ represents the surface energy, hence the resulting angle from
the Young equation relates to the intrinsic contact angle of the surface material. A
schematic representation of the three phases is given in Figure 2.16.
Figure 2.16: Droplet of liquid contact angle in a balanced position showing the three phases.
ALV liquid-vapour interface, ASL solid-liquid interface and ASV solid-liquid interface[76].
Figure 2.16 displays the equilibrium state of the contact angle between the three phases
in a completely flat surface. However, surfaces are not completely flat in normal
conditions and the contact angle of rough surfaces cannot be explained by Young’s
equation. In order to resolve this, two wettability states are proposed by Wenzel and
Cassie-Baxter. These wettability states are dependant on the roughness conditions and
surface energies[77–79]. Figure 2.17 shows a schematic representation of the Wenzel
(a) and the Cassie-Baxter (b) models.
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Figure 2.17: Schematic representation of a) Wenzel wettability model, b) Cassie-Baxter
model[80].
Wenzel model describes the wettability capabilities of the surface as a homogeneous
wetting regime, where the liquid is completely in contact with the substrate regardless
of the surface roughness. The contact angle behaviour can then be calculated with
Equation 2.4:
cos θw = r · cos θy (2.4)
Where:
• θw is the contact angle of the rough surface under Wenzel model
• r is the roughness ratio (roughness ratio is the area of the rough surface divided
by the area of an ideal flat surface)
• θy is the intrinsic contact angle.
As can be seen from equation 2.4 the contact angle in the Wenzel state relies on the
intrinsic contact angle and the surface roughness. If the intrinsic contact angle is below
90◦ the contact angle of the surface will decrease as the surface roughness increases.
However, if the intrinsic contact angle is above 90◦ the contact angle will increase as
the roughness is increased[77, 78]. This means that in the Wenzel state the contact
angle will follow the natural wettability tendency of the material due to the liquid
being completely in contact with the surface.
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The Cassie-Baxter model describes a heterogeneous interaction between the liquid and
the rough surface. As can be observed from Figure 2.17 the liquid droplet is not in
contact with the entire surface, in this case the contact angle can be calculated with
Equation 2.5:
cos θCB = rf · φs · cos θy + φs − 1 (2.5)
Where:
• θCB is the contact angle of the rough surface under Cassie-Baxter model
• rf is the ratio of the total wetted area to the projected area
• θy is the intrinsic contact angle.
• φs is the fraction of the area in contact with the liquid
From the equation 2.5 it can be observed that the contact angle on the Cassie-Baxter
model relies on the intrinsic contact angle of the material that is in contact with the
liquid. However, due to the liquid being in contact only with a fraction (rf ) of the total
surface this needs to be taken into account for the calculation of the contact angle due
to the heterogeneous model[79].
The two theoretical models can create a mathematical approximation for the static
contact angle measurement and can be used for the characterisation of the super-
hydrophobic surfaces when high contact angles are measured (generally > 150◦)[81].
However, a high static contact angle not always implies a super-hydrophobic behaviour,
thus, an additional measurement is required for the correct wetting classification. For
this, the contact angle hysteresis(CAH) is typically measured in conjunction with the
static contact angle, in this case a low contact angle hysteresis(< 5-10◦) is commonly
associated with super-hydrophobic surfaces[82, 83].
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2.5.3 Super-hydrophobic surfaces produced with laser systems
Modification of wettability properties of metals through surface texturing has been
widely explored due to the possible applications for a metallic surface with a high
water repellency or super-hydrophobic behaviour. Corrosion resistance, self-cleaning,
micro-fluid control, and functional surfaces for medical and aerospace industries are
some of the possible applications for surfaces with super-hydrophobic behaviour. This
behaviour can be useful for improving the life span and reducing the corrosion of high
valued products[76, 80].
Several investigations for the modification of the wettability properties through laser
processing have been made over time, mainly focussing on the use of short and ultra-
short pulse durations[84, 85]. A review of different laser process for achieving super-
hydrophobic surface is described below.
Combination of laser surface texturing and chemical post-treatments have proven ben-
eficial for the creation of super-hydrophobic surfaces. The creation of micro-cone size
surface structures on an AISI 316L stainless steel coated with a functionalised silane
has produced near super-hydrophobic surfaces with static contact angles close to 150◦.
However, the lack of the chemical coating reduced the contact angle of the surface
to less than 120◦[86]. Titanium with 99.99% purity was treated with a femtosecond
laser and a post-chemical treatment using NaOH solution created a hierarchical sur-
face structure, samples with the chemical treatment showed a significant decrease in the
contact angle in comparison with samples without the chemical treatment. However,
a super-hydrophobic state of the surface was not achieved with any of the samples[87].
High contact angle measurements have been produced with the use of femtosecond
lasers for the creation of LIPSS structures on different materials such as Ti-6Al-4V,
Titanium with 99.99 % of purity, different types of stainless steel. The contact angle
usually increases with time with no post-treatment after the laser surface texturing
process[88–90]. However, the creation of LIPSS does not always lead to a super-
David Rico Sierra 34 PhD. Thesis
2. Literature review
hydrophobic state of the surface due to the surface chemistry and the type of alloy
treated as demonstrated by P.Bizi-bandoki et al [91].
Creation of micro-pillar like surface structures with picosecond laser has proven to im-
prove the wettability properties of the aluminium reaching contact angles ≈ 150◦[92,
93]. However, this laser texturing process usually requires a high number of laser pulses
in a single place for the creation of the required features(more than 300 pulses); contact
angle evolves over time presenting a hydrophilic behaviour after the laser treatment
and transitioning to a super-hydrophobic behaviour after 31 days of ambient air storage.
Creation of micro-pillar like surface structures on stainless steel with picosecond laser
and a chemical post-treatment showed a super-hydrophobic behaviour with contact
angles ≈ 163◦[94].
Comparison between surface structures created on stainless steel using picosecond or
nanosecond lasers have proven that the picosecond has an advantage in the creation
of super-hydrophobic surfaces. Surface structures processed with the picosecond laser
in ambient air shown a static contact angle ≈ 160◦ in comparison with the structures
created with nanosecond pulsed laser showing 150◦ of contact angle. However, if the
material is processed in water the contact angle decreases below the super-hydrophobic
behaviour for both laser systems[95]
The creation of a micro-pillar like surface structure on stainless steel with a nanosecond
pulsed laser and electro-deposition have used for the generation of super-hydrophobic
contact angles in the range of ≈ 153◦. However, this process requires a high number
of steps after the laser surface texturing in order to protect the created surface from
damage due to the electro deposition process[96].
Near super-hydrophobic surface structures on Ti-6Al-4V have been created with nanosec-
ond pulsed lasers, using line patterns and micro-pillar like surface structures, reaching
static contact angles of 137◦ and 142◦ respectively[97, 98].
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Nanosecond laser systems capable of producing high laser fluence in pulse durations
below 25 ns have been capable of producing super-hydrophobic surfaces on brass[98]
and pure titanium (TA2)[99]. These laser systems rely on their high laser fluence ca-
pabilities and slow processing speed in order to create a surface structure capable of
creating pockets of air and thus a super-hydrophobic surface.
Table 2.1: Super-hydrophobic laser surface structures with different laser pulse duration
regimes, images and data for the Femtosecond laser from S. Shaikh et al. [90], for Picosecond
laser from R. Jagdheesh [92] and for Nanosecond laser from C. Yang et al. [99].
Femtosecond pulsed laser
Surface structure Fluence(J/cm2) Static CA (◦)
0.6 160◦ after 12 days
Picosecond pulsed laser
Surface structure Fluence(J/cm2) Static CA (◦)
2.82 151◦ after 4 days
Nanosecond pulsed laser
Surface structure Fluence(J/cm2) Static CA (◦)
152.79 153◦ after 30 days
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Table 2.1 shows a summary of super-hydrophobic surface structures created via laser
surface texturing with different pulse regimes. As can be seen surface structures cre-
ated on Ti-6Al-4V with a femtosecond pulsed laser can reach static contact angles
above 150◦, a micro-pillar like structure can be observed from the image and a low
laser fluence is employed for the creation of this surface. However, due to the low repe-
tition frequency of the femtosecond laser employed(3 kHz), a scanning speed of 800µm
increases significantly the processing time. Relatively high static contact angles are
achieved after only 12 days with no post-treatment required and ambient condition
storage[90].
Super-hydrophobic surface structures created with picosecond laser follows a similar
approach to the one used by the femtosecond laser as can be observed from Table 2.1.
In this case Al2O3 is processed with a 6.7 ps pulsed laser to create a micro-pillar like
structure, a high number of pulses per spot is applied to the surface(375 - 750), which
creates the required surface. As can be seen from the image presented a nano-scale
structure can be observed on top of the micro-pillars specifically with 375 pulses per
spot resulting in a super-hydrophobic surface with a static contact angle of 151◦ after
4 days with no additional treatment after the laser processing[92].
Surface structures created with nanosecond pulsed laser depend on the accumula-
tion of molten material on the surface to create pockets of air thus, producing a
super-hydrophobic behaviour based on the Cassie-Baxter interaction model between
the liquid and the surface. As can be observed from the surface presented on Table
2.1(Nanosecond pulsed laser), the grid scanning technique creates a molten material
deposition in the edges of the ablated channels. This molten material creates a surface
structure capable of creating pockets of air between on the untreated surface. However,
a constant material deposition through all the surface is required in order to ensure
the creation of such pockets of air within the structure and in this case a high level of
laser fluence is required for the molten material deposition on TA2[99].
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2.6 Summary
A number of different laser systems and types have explored the development of super-
hydrophobic surfaces, most of the time relying on the creation of a hierarchical surface
structure with micro-scale features and nano-scale features(LIPSS). Combinations of
both types of structures have been proven beneficial for the development of super-
hydrophobic surfaces on metallic materials. These type of surfaces are usually created
by ultra-short pulsed lasers such as pico and femtosecond pulsed lasers. However, due
to the high cost and limitations on the manufacturing scale and throughput, these
systems are usually constrained to purely research purposes.
Nanosecond pulsed lasers has been shown to be able to create super-hydrophobic sur-
faces, however, high levels of laser fluence and highly specialised laser equipments are
usually used for the manufacturing of this type of surfaces. As discussed in this chap-
ter, robust fibre lasers are a suitable option for manufacturing environments. However,
due to power constraints of this type of laser, the creation of the same topography
for super-hydrophobic surfaces has been difficult to achieve to date. This presents an
opportunity for the development of scanning techniques capable of producing super-
hydrophobic surfaces on titanium alloys. Ease of manufacture and the reduction of
manufacturing steps are some of the desired characteristics for the manufacturing pro-
cess. This thesis will explore different scanning techniques for the development of
super-hydrophobic surfaces on Ti-6Al-4V using a nanosecond pulsed fibre laser for this
purpose.
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This chapter describes the general equipment and experimental procedures used through-
out the research presented in this thesis. The contents of the chapter are split up into
three main sections, the equipment used, materials and experimental procedures. Any
experiment specific equipment or procedure will be given in the results chapters.
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3.2 Equipment
3.2.1 Laser systems
SPI G4 nanosecond pulsed fibre laser
The main laser source for this work was the SP-020P-A-HS-L-A-Y. This nanosecond
pulsed fibre laser, shown in Figure 3.1, is a class 4 system supplied by SPI Lasers.
The system is part of the redENERGY G4 air-cooled pulsed fibre laser family of SPI,
capable of working with a near-infrared wavelength (1064 nm). This laser has a Master
Oscillator Power Amplifier(MOPA) architecture, based on a dual-stage fibre amplifier
with an optical seed pulse generated by a single-mode doped fibre with integrated
Bragg gratings (See Chapter 2 ”Laser systems” section for more details). The fibre
amplifiers are pumped by multi-mode laser diodes, and the beam is delivered by a fibre-
optic beam delivery cable terminated in a beam delivery optic(BDO) incorporating a
Faraday isolator and beam expander collimator to provide a collimated output beam.
Figure 3.1: SPI G4 020P-A-HS-L-A-Y nanosecond pulsed laser system and Pipeline-1
USB controller
The beam expander collimator attached at the end of the fibre (PT-P00554) provides
a nominal beam diameter of 8 mm allowing the integration of the system with gal-
vanometer scanning systems for final focusing and delivery of the laser beam.
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The nanosecond pulsed laser is capable of working in both CW and pulsed mode, with
a maximum average power of 20 W and maximum pulse energy of 0.8 mJ at 200 ns
of pulse duration and a repetition rate of 25 kHz. A beam quality of M2 = 1.83 is
delivered by the system due to the low mode configuration.(Appendix A)
In pulsed mode, the laser can provide different pulse durations in the range from 9
to 200 ns. To modify the pulse duration, the supplier provides a range of selectable
parameters called waveforms. The waveform defines the default ”switching frequency”
(PRF0) for maximum peak power. The system can be operated with any pulse repe-
tition rate, from 1 to 1,000 kHz regardless of the selected waveform; however, a table
with default values of PRF0 for each waveform is provided by the manufacturer, this is
due to safety measures included within the system(Appendix B). The safety measures
decrease the average power linearly when the system works below the PRF0 in order
to prevent damage to the laser diodes. If the system is used in repetition frequencies
above PRF0 the average power is maintained whilst peak power and pulse energy are
decreased (See Figure 3.2)[100]. Due to the flexibility of pulse durations, the temporal
shape varies in relation with the pulse duration. This pulse temporal shape is given in
Appendix C.
Figure 3.2: Average power and Pulse Energy vs Pulse Repetition Frequency
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The laser is combined with a Nutfield Pipeline-1 USB controller which includes a
SCAPS USC-1 scan controller. The arrangement of the controller system is provided
with a safety interlock loop. The system works in analog channels for controlling the
nanosecond pulsed fibre laser and a XY2-100 digital interface for the galvo scan head
in order to enable mark on the fly process. With this process, the user is able to modify
different parameters of the fibre laser without interrupting the marking process. Power,
pulse duration, frequency and even laser mode (CW or pulsed mode) can be controlled
on the fly [101, 102].
A galvo scan head system is used as a final delivered system of the laser beam. The sys-
tem is a Nutfield XLR8-10 scan head with a resolution of 16 µrad (see Figure 3.3)[103].
A 160 mm focal length f-theta lens is attached to the scan head in order to focus the
laser beam. The XLR8 scan head consists of two galvanometer scanners (one for each
direction, vertical and horizontal). The use of the scan head provides the capability of
deflecting the incident optical beam to specific locations on the target within a scan
field area of 120 x 120 mm with a resolution of <8 µm[104].
Figure 3.3: XLR8-10 Scan head with 160 mm f-theta lens attached
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The use of the laser system is controlled through the software package Nutfield Wa-
verunner, which is based on SCAPS SAMLight, providing user-friendly control over
different functions for the development of different shapes and scanning techniques
(see figure 3.4). Parameters of the nanosecond pulsed laser are controlled by the soft-
ware, power, pulse duration, frequency and laser mode (CW or pulsed mode) are easily
modified on the fly. These parameters are then communicated to the laser via the
pipeline interface using a transistor-transistor (TTL) 5V logic.
Figure 3.4: Nutfield Waverunner software control for the nanosecond pulsed fibre laser a)
Main window layout, b) Laser parameters editor, c) Laser waveform and mode selection (CW
or pulsed mode)
Several tools are provided for the design and control of the required laser path. Basic
shapes and text can be defined and modified according to design requirements. The
versatility of the software allows the user to create a completely customized scanning
technique according to user requirements. The ability to modify the required parame-
ters of the nanosecond pulsed fibre laser creates a versatile interface where the whole
system can be managed with the exception of the distance between the galvo scan head
and the material[105, 106].
David Rico Sierra 43 PhD. Thesis
3. Equipment and experimental procedure
In order to verify the correct power input from the laser system, a calibration process
was carried out during this work. The calibration process followed the instructions
provided by the software manual for the Power Map function(seen on Figure 3.5). For
this, the average laser power delivered by the laser when a 8-bit value of 255 is requested
by the laser controller; this is measured through a power meter(Thorlabs PM200 with
thermal sensor), the measured power is then typed in the Max-Watts field and the
corresponding Watt-Bit list is updated according to this value. The corresponding
8-bit values for each one of the updated Watt data on the table is then verified by the
corresponding 8-bit values for each given Watt values[107].
Figure 3.5: Power Map function on Waverunner software [107]
The calibration process in the laser system revealed a loss of 0.6 W of the maximum
power reaching a maximum level of 19.4 Watts compared with the 20 W from product
specification. The calibration process ensures that the power delivered by the system
meets the requested levels by the software and controller equipment.
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Three precision stages provided by Thorlabs are used as the positioning system for
the Ti-6Al-4V samples. Two Thorlabs LTS150 with integrated controllers are used
for the linear positioning (X and Y direction). These stages provide 150 mm of linear
travel with a load capacity of up to 15 kg and 5.0 µm of accuracy[108]. The two linear
stages are mounted in a stepper motor driven lab jack (Thorlabs L490MZ) with a load
capacity of 15 kgs providing vertical movement for modifying the distance between the
material and the galvo scan head (see Figure 3.6). The L490MZ lab jack provides a
vertical travel range of 52 mm with < 20nm of resolution[109]. Control over the posi-
tioning of the three stages is through the Thorlabs APT software; the software includes
a wide range of drivers for different and configuration options for different stages. Each
one of the stages can be configured with a different set of parameters for the correct
integration of the system.
Figure 3.6: 3 axis Thorlabs positioning stage
The full integration of the nanosecond pulsed laser with the stage system provides
a highly controllable environment for the use of the laser and the research process.
Flexibility in the configuration of each one of the systems provides a wide range of
parameters to explore for the development of this thesis.
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10ps High-Q laser system
A second laser source for this thesis is a 10 ps pulsed laser system supplied by High-Q
(see Figure 3.7). The system is capable of providing pulses of 10 picoseconds in pulse
duration with a maximum pulse frequency of 50 kHz. The system has a fundamental
wavelength of 1064 nm with a diode pumped seeded Nd:VAN regenerative amplifier.
The control of the system is provided through a dedicated software package where the
repetition rate can be controlled. The laser source is capable of delivering a maximum
average power of 2 W at a repetition rate of 20 kHz. The beam quality delivered by
this system has an M2 of 1.3.
Figure 3.7: High-Q laser system
An arrangement of optics is required in order to optimise the laser beam for the exper-
imental set-up. In figure 3.7, a schematic of the used experimental set-up is presented.
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Figure 3.8: Schematic of the optical layout used for the High-Q laser system
The schematic in figure 3.8 shows a linear polarized beam passing through a half wave
plate and a Glan-laser polarizer which forms an attenuator and sets the polarization
direction. A beam expander (M ≈ 3) is used to optimise the size of the beam. After the
beam expander, three plane mirrors (Mirrors 2, 3 and 4) control the beam path before
the reflective phase-only Spatial Light Modulator (SLM). A Hamamatsu X10468-03
liquid crystal on silicon (LCoS) SLM dielectric coated for a 1064 nm wavelength (re-
flectivity ≈ 95 %, fill factor 98 %) is used as a mirror applying a correction field. A
4f imaging system with two lenses (Lenses 1 and 2), is used to reconstruct the beam
from the SLM to the input aperture of the galvo scanner system (Nutfield XLR8-10)
with the use of periscope mirrors. The SLM has the ability to modify the phase and
polarisation state of the reflected beam. For this study the SLM is used only in a
passive mode as a mirror.
A galvo scanning system (Nutfield XLR8-10) is used as a final delivery method for the
laser beam. Attached to the galvo scan head a F-theta lens of 100 mm of focal length
focusses the beam into the material. In Figures 3.9 and 3.10 the optics set-up and
galvo scanning system can be observed.
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Figure 3.9: Optical set-up for the High-Q picosecond laser and laser path
Figure 3.10: Galvo scanning system Nutfield XLR8-10 with 100 mm F-theta lens
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3.2.2 Essential equipment
Optical microscope
An optical microscope (Nikon Eclipse LV150NL) combined with a USB CMOS camera
(Thorlabs DCC164c) was used for the optical examination of the samples produced
through this research. The microscope is provided with integrated LED illumination
for sample examination, allowing the observation of surface features without requiring
an external source of light. The system includes several standard objective lenses with
magnifications of 5x/10x/20x/50x/100x, allowing the imaging of micro and nano-scale
features. A maximum sample size of 150 x 150 mm allows the imaging of relatively
large sample areas[110]. The camera is connected to a PC for imaging processing as
can be observed in Figure 3.11.
Figure 3.11: Nikon Eclipse LV150NL optical microscope
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The PC is configured with the Thorlabs DCx camera software for image processing.
This software provides a wide range of tools and drivers for different types of CMOS
cameras creating a package of different tools for sample imaging. The software pro-
vides additional tools for the management and improvement of the images obtained
by the microscope, as well as the ability to record video. One of these tools provides
capabilities for measuring distances within the field of view of the image. In order to
obtain reliable measures from the software, a calibration is required. The calibration
process defines the ratio between the pixels in the image and the real distance through
the imaging of a standard scale bar of 1 mm with 10 µm divisions. Different types
of image files can be obtained from this software for further processing of additional
analysis. Figure 3.12 shows an example of the software interface with the image of the
1 mm scale for calibration[111].
Figure 3.12: Thorlabs DCx cameras software with standard scale bar of 1 mm and 10 µm
divisions
The integration of the microscope with the software provides a reliable tool for imaging
examination of the samples produced during this research. Equipment and software
flexibility contribute to the in-depth analysis of the material and laser-produced surface
features.
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Optical profiling system
To obtain three-dimensional surface profiles of the created features, an optical profiler
system (WYKO NT1100) is used. The equipment is capable of obtaining a surface
profile of most materials. The system uses a vertical shift interference (VSI) method;
this method is based on white light vertical interferometry to obtain the necessary
measurements from the surface topography. This non-contact method allows the col-
lection of surface topography measurements with high resolution. With a resolution of
0.1 nm in the vertical direction, plus an x-y resolution of 0.81 µm this equipment is an
excellent tool for the characterization of the created features on the material through
laser processing. The equipment is complemented with an illuminator capable of con-
trolling the light intensity used by the profiler in order to obtain a clear and reliable
measurement of the surface profile. Figure 3.13 shows the profiling system and illumi-
nator arrangement for surface profiling of the created samples. A dedicated software
package (Vision32) is used for the control and setup parameters of the equipment for
the measurement techniques and calibration [112].
Figure 3.13: WYKO NT1100 optical profiler
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The Vision32 software provides the necessary tools for the correct configuration and
operation of the optical profiling system. Different parameters can be defined for an
adequate measurement technique of each sample, depending on the particular char-
acteristics of the surface. The range, magnification and threshold of measurements
can be defined for a reliable analysis of the surface profile. Representation of results
through the software can be explored in different modes, the 2D representation of the
surface is one of the most helpful capabilities of the software (see Figure 3.14) in order
to obtain cross-section measurements of the surface features. 3D representations of
the surface and general data of the area can be obtained through the different surface
analysis tools. Capabilities for exporting the obtained data into different formats for
their interpretation with different software packages, such as MATLAB or Excel, is
fully available in the software package. Images, such as the 3D graph of the anal-
ysed area can be exported for the correct representation of the surface profile[112].
The integration of the software and equipment provides a reliable tool for the analy-
sis of the modified material surfaces created with laser processing through this research.
Figure 3.14: Vision 32 software displaying 2D Analysis and 3-D representation of a
structured surface
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Contact angle analysis equipment
The Kruss EasyDrop analysis system observed in Figure 3.15 is the equipment used
for the calculation of surface tension and surface energy through evaluating the shape
of liquid drops and the interaction with the surface. For this research, the main inter-
est is to analyse how the surface structuring through laser processing can modify the
wettability of the materials. The system consists of manual dosing through a rotating
mechanism syringe, releasing a drop of liquid of ≈ 10 µl into the surface of the sample.
The sample is positioned in a height-adjustable table illuminated from one side; a USB
CMOS camera attached to a zoom and focussing device in the opposite side is used to
record an image of the drop and the surface interaction. The design of the equipment
provides a simple but reliable tool for contact angle measurement[113].
Figure 3.15: Kruss EasyDrop analysis system
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Dedicated software (DSA1) is provided with the equipment for the analysis of the ob-
tained images through the EasyDrop system. The software provides a set of different
evaluation methods for the contact angle calculation, surface energies and surface ten-
sions. Tools for the correct analysis of the images are provided within the software;
the determination of the surface line and the contact analysis method can be defined
for the measuring process. In Figure 3.16 a typical analysis of contact angle through
the DSA1 software is displayed.
Figure 3.16: Drop Shape Analysis software package (DSA1)
EasyDrop equipment and DSA1 software provide accurate measurements for the analy-
sis of the produced samples in this thesis and a comparison point for the improvements
of wettability properties of the processed surfaces.
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Scanning electron microscope
For detailed surface imaging a scanning electron microscope tungsten filament, Oxford
INCA X-act EDX detector (SEM JEOL 6610) was used (Figure 3.17). The equip-
ment is capable of providing detailed images of the modified material at high levels of
magnification. The system has a resolution up to 3.0 nm with an accelerating voltage
of 30 kV. Several tools for the sample positioning and imaging are provided with the
instrument, this allows sample imaging with high flexibility. The main requirement
for the imaging is the conductivity of the material to observe, in this case the use of
Ti-6Al-4V and their conductivity properties are suitable for the correct imaging. Mea-
surement tools are provided within the software of the system for the characterisation
of the images. Implementation of the EDX detector for element characterisation of
the sample provides a tool for preliminary element analysis of the surface. This is an
ideal instrument for obtaining images of the surface structures developed by the laser
scanning used in this thesis. The use of the electron microscope is in collaboration
with the Imaging Centre at Liverpool University (iCal).
Figure 3.17: SEM JEOL 6610
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X-ray photoelectron spectrometer
In order to fully understand the modification of the wettability properties on Ti-6Al-
4V, surface chemistry analysis was carried out using X-ray photoelectron spectroscopy
equipment (Axis-SUPRA equipment from Kratos Analytical) seen in Figure 3.18. The
system provides quantitative elemental and chemical information on the first 10 nm of
the material surface. A fully automated sample loading, helps to avoid the contamina-
tion of the material surface for a proper chemistry characterisation[114]. The equipment
includes an optical microscopes for sample identification and processing software for
data acquisition. The obtained data is analysed with the CasaXPS software package for
their correct interpretation. The equipment is required for the analysis of the oxidation
state of the surface laser processing. The characterisation of the chemistry of Ti-6Al-4V
is fundamental for the modification of the wettability properties as stated in Chapter 2.
Figure 3.18: Axis-Supra instrument (Kratos Analytical)
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3.3 Material selection
The main objective of this thesis is to modify the wettability properties for the Ti-
6Al-4V through laser surface texturing for potential industrial applications. Chemical
and temperature resistance makes this material suitable for products with high added
value. Due to the high strength to weight ratio this titanium alloy is suitable for a
wide range of applications in different industries, such as biomedical and aerospace.
For these reasons, this material is identified as one of the most common titanium al-
loys in the market.
Ti-6Al-4V has excellent corrosion resistance and outstanding fatigue and crack resis-
tance compared to steel. However, one of the biggest problems in using this type of
titanium alloy is the difficult manufacturing process of such material. Titanium alloys
are particularly difficult to machine due to the strength of the material and the wear
of the required tools for the manufacturing process. In this area, laser manufacturing
provides a better tool for the machining of these alloys avoiding the need for contact
tools with the material. Through this research a commercially available Ti-6Al-4V
Grade 5 was used for the productions of samples for wettability modification. The
chemical composition of the material is shown in Table 3.1.
Table 3.1: Typical material properties of Titanium Alloy Ti-6Al-4V Grade 5
Element Content in % Physical properties Typical value
Aluminium, Al 6 Density 4.42g/cm3
Vanadium, V 4 Melting range 1649◦C
Carbon, C < 0.1 Specific heat 560J/kg.◦C
Iron, Fe < 0.25 Resistivity 170ohm.cm












Titanium T i Balance Beta Transus 999 ± 15◦C
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3.4 Sample preparation
Two types of samples were used for this thesis, the first one with Ti-6Al-4V polished
with mirror finishing and the second type as-received material in order to explore the
capabilities of laser processing not only in laboratory conditions but also in a manu-
facturing environment.
The first type of samples had to be cut in a size of 15 x 15 mm approximately in order
to be mounted in a non-conductive resin for the polishing treatment. After this the
titanium samples were polished achieving a mirror finishing surface with an average
roughness of Ra ∼ 30 nm. The second type of samples is as received material cut into
20 x 20 mm with 2.05 mm of thickness and an average roughness of Ra ∼ 600 nm. In
Figure 3.19 the roughness profile of both samples is shown.
Figure 3.19: To the left Ti-6Al-4V polished sample with average roughness of Ra ∼ 30
nm, To the right, as received Ti-6Al-4V sample with average roughness of Ra ∼ 600 nm
Both types of samples were cleaned with acetone previous to the laser treatment in
order to reduce the amount of contamination in the surface and the possible effects in
the laser surface texturing.
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3.5 Experimental procedure
3.5.1 Focal position
The use of galvanometer scan head systems is widely used in different applications;
it provides a common solution for an optical scanning technique in the marking field.
The scan head used in this thesis is an arrangement of two mirrors attached to gal-
vanometers in order to provide the laser positioning in X and Y direction. Figure 3.20
shows a typical arrangement for a 2D scan head system.
Figure 3.20: Arrangement principle for 2D galvanometer scanning system[115]
A focusing lens is attached to the scan head system focussing the laser beam into the
sample. In the used arrangement in this thesis, a F-theta lens of 160 mm focal length
(LINOS F-Theta-Ronar 160 mm) is used as the objective lens. The lens is designed in
an optical-glass material with a transmission ≥ 96% and a damage threshold for the
coating of the lens is up to 40 J/cm2 for a 1064 nm wavelength. One of the most useful
characteristics of F-theta lenses is the ability to keep the focus position in the same
plane over the entire scan field[116].
The next step for the use of the scanning head is to identify the required distance
between the system and the material in order to work in the focal position of the lens.
Figure 3.21 shows the schematic diagram of the F-theta 160 mm lens and the working
distances for the focus point.
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Figure 3.21: Schematic drawing of the LINOS F-Theta-Ronar 160 mm lens, 1064 nm
wavelength[117]
Within the parameters provided by the lens manufacturer, the distance between the
material and the lens is shown as flange focal length (FFL). With the use of the 160
mm focal length this FFL distance is 184.4 mm. Measurements between the scan head
and 3-axis table were measured in order to find the correct position for the image plane.
Figure 3.22 shows the 3-axis stage at a nominal position of 22.6 mm where a 184.4 mm
distance is achieved as suggested by the lens manufacturer.
Figure 3.22: Distance between 3-axis Thorlabs stage and the XLR8 scanning system at a
22.6 mm position in the stepper motor driven lab jack
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The focal position should give the smallest possible beam size. By reducing the area
processed by the laser to a minimum, the intensity increases and the required energy
to process the material decreases. In Figure 3.23 the distribution of a focussed laser is
shown.
Figure 3.23: Energy distribution of a focussed laser beam[118]
Stage position was modified according to the measured material thickness of each sam-
ple in order to keep the correct distance between the galvo scanning system and the
material. This is to ensure the laser processing of each one of the samples in the focal
plane.
This process is replicated in the High-Q picosecond pulsed laser. The Nutfield XLR8-
10 scan head used with this system includes a F-theta lens with a focal length of 100
mm (LINOS F-Theta-Ronar 100 mm). This difference in the lens modifies the dis-
tance from the scanning system to the material in order to obtain the focal plane. This
working distance (WD) is measured from the edge of the equipment to the focal plane
(WD = 126 mm) as shown in Figure 3.24.
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Figure 3.24: Schematic drawing of the LINOS F-theta-Ronar 100 mm lens, 1064 nm
design wavelength [119]
3.5.2 Thermal post-processing
The creation of superhydrophobic surfaces is highly related to the micro and nano
structures created on the surface of a material, however, a coating on top of these
structures is commonly used to improve the wettability properties. In the case of
metallic materials, this coating is an oxide of the material. This oxidation is created
during the laser surface texturing process and it requires a certain amount of time in
order to fully stabilise the layer. The required time is mostly determined by the type
of material and the storage conditions, typically more than 2 weeks are required. In
order to reduce this time, the implementation of a low-temperature annealing process
has been previously reported with mixed results in the wettability behaviour[120–124].
To investigate the effect of thermal post-processing in the wettability properties on
the laser textured material the use of a conventional electric oven was required. The
equipment used was an electrical oven Memmert SM 100, capable of reaching temper-
atures up to 220◦C (Figure 3.25). The samples were placed inside the oven at different
temperatures from 100 to 200 ◦C in the pre-heated oven for the low temperature an-
nealing. The time for this thermal post-process was varied in order to find the most
suitable parameters for an effective wettability modification.
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Figure 3.25: Memmert SM 100 oven with sample placement
3.5.3 Sample storage conditions
Due to the duration of measurement tests of the contact angle, the samples had to be
stored. To minimize the introduction of new elements in the storage conditions, these
were placed in small plastic boxes to avoid contamination with external agents, but
still maintaining normal ambient conditions (Figure 3.26).
Figure 3.26: Sample box for storage conditions
David Rico Sierra 63 PhD. Thesis
3. Equipment and experimental procedure
3.6 Summary
This chapter highlights the equipment employed in this research. The two main pulsed
laser sources during this thesis (SPI Laser and High-Q Laser) were described. The
illustration of the required equipment for the correct operation of both laser systems
such as galvanometer scan head systems and positioning stage was explained. Mea-
surement equipment used through the development of this research was explained,
white light interferometer, SEM and contact angle measurement equipment are funda-
mental for the correct characterisation of the created surface structures with the laser
systems. Material selection for the research is explained and their main properties
discussed. Fundamentals for the experimental set-up and the sample positioning due
to the galvanometer scan head operation requirements are explained. Finally, sample
post-processing methods and storage conditions are reviewed for the correct parameter
analysis of the samples.
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Chapter 4
Nanosecond pulsed laser ablation of
Ti-6Al-4V
4.1 Introduction
To create a structured surface capable of modifying the wettability properties of Ti-
6Al-4V, a window of suitable parameters needs to be defined. Numerous pulsed laser
types have been investigated in recent years for this application, all with different oper-
ating parameters. The difference discovered between these operating parameters makes
it necessary for the exploration of suitable parameters for the surface texturing of a
given material and laser type. In this chapter, the effects of individual parameters on
a surface are presented. One of the main results to analyse is the ablation threshold of
the material with different pulse durations. Ablation threshold is defined as the min-
imum amount of energy required for ablation to occur. In this chapter, the ablation
threshold of Ti-6Al-4V is calculated with different pulse durations to have a complete
understanding of the effects on the material with the varying parameters. The abla-
tion threshold parameters are analysed through an optical microscope and white light
interferometer, showing the effects of varying the pulse duration and laser energy on
the material.
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Surface topography of the ablated material surface is analysed with a white light inter-
ferometer(WYKO NT1100) in order to observe the effects on the amount of material
removed by laser ablation as well as the deposition of molten material on the surface.
Tests were undertaken on the main laser system of this research, the nanosecond pulsed
laser described in Chapter 3, in order to explore a more robust industrial method for
the creation of superhydrophobic surfaces. The thermal component of the nanosecond
pulse regime can improve the creation of beneficial surface structures due to the depo-
sition of molten material created by the pulse.
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4.2 Experimental procedure ablation threshold
Initial tests were aimed to understand the production of ablated craters in the surface
of the material under different nanosecond pulse durations. For this, two different sets
of Ti-6Al-4V samples (polished and as-received samples), were placed in the focal plane
of the nanosecond pulsed laser system. Before laser processing, all the samples were
cleaned with acetone and dried under ambient conditions. For the ablation technique,
a set of lines with the parameters showed in Table 4.1 were produced in both sets of
samples with increasing laser energy.
Table 4.1: Processing parameters for ablation threshold calculation on polished and as-
received Ti-6Al-4V
Variable Range of values Units
Average power 2.50 − 7.20 Watts
Frequency 25 − 65 kHz
Pulse duration 65 − 200 ns
Scanning speed V aried mm/s
Number of lines per
pulse duration
31
Average power step 0.10 Watts
Thirty-one different average power levels, with a step of 0.10 Watts, were used in order
to obtain a meaningful amount of data for the calculation of the ablation threshold for
each pulse duration. To produce individual ablated craters, the scanning speed was
varied to have enough separation between the individual laser pulses according to the
repetition frequency used (Figure 4.1). As the focused beam size was approximately
50 µm, a 75 µm spacing was chosen and maintained. Due to the beam quality and
divergence, the created spot in the surface is not perfectly circular, the shape of the
ablated craters is elliptical under lower laser fluence. For these conditions, the crater
diameter was measured as the smallest elliptical diameter. Three craters were measured
at each parameter to obtain a statistical value of the crater size with the specific set
of parameters.
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Figure 4.1: Schematic of nanosecond laser pulse separation for ablation threshold
The depth of ablation for each one of the parameters was measured with a white light
interferometer (WYKO NT1100). A comparison between the pulse duration and the
amount of material removed from the material surface was then made. The character-
isation of the effects of these parameters in the material surface provides the required
knowledge for the creation of surface structures with the nanosecond pulsed laser.
4.3 Experimental results
4.3.1 Ablation threshold
The ablation threshold calculation is based on the comparison between the ablated
diameter and the energy used by the laser system. For this the peak fluence needs to






• w20 is the radius of laser spot size
• Epulse is the energy per pulse
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For obtaining w20, the laser spot size can be calculated through Equation 4.2 and the






Table 4.2: Nanosecond pulsed laser and galvo scanning system specifications
Parameter Specification Units
Input beam size (DL) 8.00 mm
Beam quality (M2) 1.83




From the system specifications in Table 4.2, Dmin can be calculated as 49.68µm. This
value is only valid at the focal plane of the galvo scanning system.
The relation between the ablated crater size and the peak fluence of the laser system
can be analysed for the calculation of the ablation threshold. This is given by Equation
4.3 due to the quasi-Gaussian distribution of the laser beam of the system[126].





• D2 is the square diameter of the ablated crater
• w20 is the beam spot radius
• F0 is the peak fluence
• Fth is the ablation threshold
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A plot between D2 (square diameter of the ablated crater) against the peak fluence
can be produced in order to obtain a trend line for the crater size. The trend line of
the plotted data is obtained through MATLAB software as shown in Figure 4.2.
Figure 4.2: Graph of square ablated crater diameter of polished Ti-6Al-4V against the peak
fluence with 200 ns pulse duration. The dotted line represents the fitting equation presented
on the graph and R2 as the variance proportion of the trend line against the measured data.
After determining the trend line, the extrapolation of D2 back to zero is calculated for
obtaining the ablation threshold of Ti-6Al-4V. With the obtained data the calculated
ablation threshold for a single 200 ns pulse duration is 10.25 ± 0.0933J/cm2 according
to variance (R2).
The process is repeated for different pulse durations with the nanosecond pulsed laser
from 65 to 200 ns. The calculation of the ablation threshold with different pulse dura-
tion was necessary for the creation of a surface structure in the titanium alloy. With
the crater size measurements for each one of the pulse duration, the corresponding
trending lines were obtained. Figure 4.3 shows a graph delimiting the ablation of pol-
ished Ti-6Al-4V with different pulse durations (65 to 200 ns).
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Figure 4.3: Graph of trend lines for 200 ns to 65 ns pulse duration of square ablated crater
diameter of polished Ti-6Al-4V against peak fluence. The dotted line represents the calculated
minimum spot size of the focussed laser beam (Dmin). The dash-doted line represents the
saturated crater size for a single spot ablation.
From the graph in Figure 4.3 the calculated trend lines of different pulse durations
for the ablated crater size against peak fluence can be observed. The graph is divided
with two horizontal lines representing the calculated minimum spot size (Dmin) and
the saturated ablated crater size for the system configuration (≈ 70 µm of diameter).
These lines divide the graph into two zones; the first zone shows at what peak fluence
(J/cm2) the ablated crater size is inferior to the calculated laser spot beam (Dmin) for
different pulse durations. The second zone in the graph (between the two horizontal
lines) represents peak fluence required for an ablated crater size superior to Dmin.
The slope of the different trend lines is close to constant between 200 and 100 ns pulse
durations, however, for pulse durations inferior to 100 ns the slope changes as can be
observed in the trend lines for 80 and 65 ns pulse duration. The change in the slope of
the trend lines is due to the decrease in the interaction time between the laser beam and
the surface for the material ablation. Calculation and plotting of the corresponding
trend lines allows the prediction of the ablated crater size with different pulse durations
at a given pulse energy (EPulse).
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The same procedure was performed on as-received Ti-6Al-4V in order to observe pos-
sible differences between the ablated crater size and peak fluence required for different
pulse durations.
Figure 4.4: Graph of trend lines for 200 ns to 65 ns pulse duration of square ablated
crater diameter of as-received Ti-6Al-4V against peak fluence. The dotted line represents
the calculated minimum spot size of the focussed laser beam (Dmin). The dash-doted line
represents the saturated crater size for a single spot ablation.
Figure 4.4 shows the calculated trend lines for the ablated crater size with different
pulse duration on the surface of as-received Ti-6Al-4V. From this graph it can be ob-
served that the tendency on the trend lines is similar to those calculated for polished
Ti-6Al-4V. The only significant difference is on the required peak fluence (F0) for the
ablation to occur at 65 ns of pulse duration. This F0 is reduced in comparison with
the F0 required for ablation to occur on polished samples as shown on Figures 4.3 and
4.4.
The two horizontal lines divide the graph into two zones in the same way as in Figure
4.3, since the material is placed in the focal plane, the same as the polished sample,
keeping the calculated Dmin and saturated spot size in the same values. The slope of
the trend line is constant for different pulse durations other than the slope for the 65
ns pulse duration trend line, similar to the one shown in Figure 4.3.
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In order to observe the specific conditions for each of the pulse durations, the ablation
threshold was calculated for a pulse duration range between 65 and 200 ns. The calcu-
lation of these values is fundamental for the determination of the minimum F0 required
for the removal of material from the surface through laser ablation.
Figure 4.5: Graph of ablation threshold of polished Ti-6Al-4V with a nanosecond pulsed
laser and different pulse durations.
The ablation threshold of the titanium alloy reduces as the pulse duration decreases,
as it can be observed from Figure 4.5. As shown in this graph, the required F0 for
ablation is almost constant for pulse durations between 150 and 200 ns. As the pulse
duration decreases below 150 ns, the ablation threshold steadily decreases as the pulse
duration is reduced.
The nanosecond fibre laser system uses a set of pre-defined repetition frequencies in
order to obtain a reliable pulse energy with different pulse duration as described in
Chapter 3 Section 3.2.1 ”SPI G4 nanosecond pulsed fibre laser”. However, the user
manual provided by the manufacturer clearly states that the change on pulse duration
of the system has an effect on the temporal pulse shape.
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Figure 4.6: Example of pulse shapes for a 20W pulsed laser module provided by SPI Lasers
[100])
Figure 4.6 shows the temporal pulse shape of different pulse durations for the SPI G4
nanosecond fibre laser system. To the right a list of the pre-defined repetition rate
for each pulse duration is displayed, starting from 25 kHz(200 ns pulse duration), and
increasing up to 500 kHz(9 ns pulse duration). As can be noticed from the graph
the pulse rapidly increases on intensity at the beginning of the pulse until reaching a
maximum pulse energy and then decreases almost with the same rate, however, this
is followed by a long low-intensity tail until the end of the pulse. This is specially
noticeable in long pulse durations (100 to 200 ns), nevertheless as the pulse duration is
reduced below 100 ns(45 kHz of repetition frequency), this low-power tail of the pulse
is decreased and the shape of the pulse approaches a Gaussian shape.
As the temporal shape of the nanosecond pulse approaches to the Gaussian shape,
the energy is more efficiently deposited on the material and the ablation threshold is
reduced [127]. However, even when the required EPulse for ablation is reduced, the
average power is increased due to the operation principles of the laser system.
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The decrease in pulse duration requires an increase in the repetition frequency, thus
an increase in average power is required to maintain the pulse energy. In this case,
the average power required for the ablation threshold with a 65 ns pulse duration is
≈ 3.36W , which is higher than the ≈ 2.48W of average power required for the ablation
threshold with a 200 ns pulse duration.
The calculation of the ablation threshold for as-received Ti-6Al-4V with different pulse
durations was carried out with the same procedure as with polished samples in order
to compare the effects of sample roughness on ablation of the material. Comparison
between the calculated values are shown in Figure 4.7.
Figure 4.7: Graph of Peak Fluence required for ablation threshold of polished Ti-6Al-4V
(Blue) and as-received Ti-6Al-4V (Red)
The comparison between ablation threshold values obtained on polished and as-received
Ti-6Al-4V showed a similar trend of decreasing the required F0 for ablation as the pulse
duration decreases. The ablation threshold of as-received Ti-6Al-4V is similar to the
polished sample in most of the different pulse durations with the exception of the 65
ns pulse duration.
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The difference found with the 65 ns pulse duration for the two types of samples is
approximately a Peak Fluence (F0) of 0.81 J/cm
2 inferior for the ablation threshold
of as-received Ti-6Al-4V to the required F0 for the polished sample(5.34 J/cm
2 for
polished and 4.53 J/cm2 for as-received samples).
Obtained measurements showed that the nanosecond pulsed laser is fully capable of
ablating the surface of both types of samples within the operational parameters of the
system. The pulse duration reduction has effects on the shape of the ablated crater
due to the reduced interaction time between the beam of the laser and the material
surface as it can be observed in Figure 4.8.
Figure 4.8: Ablated craters created with single pulse nanosecond ablation, a) 200 ns pulse
duration with EPulse ≈ 148 µJ b) 65 ns pulse duration with EPulse ≈ 113 µJ . EPulse is
calculated for a crater size ≈ Dmin for both pulse durations.
These effects will be explored in the next section of the current chapter for a detailed
analysis. Differences between the required levels of energy for the ablation and the
shape of the ablated craters need to be taken into consideration for the creation of
surface micro-structures in the following chapters.
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4.3.2 Surface topography
To evaluate the amount of material removed by ablation with different levels of en-
ergy and pulse duration, the samples were measured with a white light interferometer
(WYKO NT1100). Samples used for the calculation of the ablation threshold were
analysed in order to compare the effects of energy level, for this the depth of ablation
was measured. A typical cross-sectional view of three ablated craters on the surface of
polished Ti-6Al-4V is shown in Figure 4.9.
Figure 4.9: Cross-sectional surface profile analysis of ablated polished Ti-6Al-4V with
nanosecond pulsed laser (EPulse ≈ 148 µJ and 25 kHz of repetition rate) for ablation depth
measurements
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Measurements of the ablation depth are carried out through the method shown in
Figure 4.8 for each one of the parameters produced in the ablation threshold section.
This is to be able to compare the effects of energy and pulse duration in the amount
of material removed by the laser. A typical graph for the ablation depth is shown in
Figure 4.10.
Figure 4.10: Ablated depth vs pulse energy for a single pulse ablation with 200 ns of pulse
duration and a repetition rate of 25 kHz on polished Ti-6Al-4V
The ablation depth is small with low energy values, however, it increases as the EPulse
of the laser energy increases, as can be observed from Figure 4.10. The relatively large
error bars presented on the graph are result of the quality beam mode of the laser
system, further highlighted in the next pages of this section. An increase in EPulse,
therefore, modifies the amount of material removed as well as the ablated crater size.
This increase occurs until the EPulse reaches a level where the laser pulse cannot remove
more material through a single spot ablation process. After this point, the laser keeps
increasing the intensity on the surface of the material causing undesirable results due
to the high thermal component applied. These types of effects are not suitable for the
production of a functional surface on the material since they can affect the material
condition, decreasing the final quality and reliability of a component.
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Figure 4.11: Depth of ablation of different pulse duration. The used EPulse is the required
for a crater size ≈ Dmin
Figure 4.11 shows the depth of ablation created with different pulse durations in a
range of 65 to 200 ns. The EPulse used for the ablated craters was calculated through
the obtained trend line functions for the ablation threshold mentioned in the previous
section of this chapter. The EPulse was calculated for an ablated crater size ≈ Dmin
for a correct comparison between the removed material.
As can be seen from Figure 4.11, the amount of removed material is reduced as the
pulse duration is reduced, this is due to the pulse shape delivered by the G4 nanosec-
ond fibre laser(see Figure 4.6). The pulse shape of the laser system is characterised
as a relatively fast peak pulse (of around 40 ns), followed by a low energy pulse trail
to complete required pulse duration; this shape is valid especially for pulse durations
between 100 and 200 ns. This particular pulse shape is more efficient for the removal
of material from the surface due to the extended pulse trail as discussed by Ali Gokhan
Demir et al [127].
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As the pulse duration decreases below 100 ns, the pulse shape is closer to a Gaussian-
shape pulse, however, the decrease in pulse duration and the configuration of the SPI
G4 system decreases the amount of material removed by a single spot ablation. The
operation parameters of the SPI nanosecond pulsed laser, average power and pulse
repetition frequency are increased for the correct operation of the laser system, thus,
the required energy consumption is increased with shorter pulse durations.
Figure 4.12: Profile section of single spot ablation polished Ti-6Al-4V, with the nanosecond
laser pulse, a) 200 ns pulse duration, b) 160 ns pulse duration, c) 110 ns pulse duration, d)
65 ns pulse duration
Figure 4.12 shows the surface profile of the material ablated with a single spot and
different pulse durations. From these profiles, the amount of material removed with
the different pulse durations can be observed, as well as the re-deposition of the molten
material on the edges of the ablated crater. The four graphs show how the depth of
ablation is reduced as the pulse duration reduces, starting from a 200 ns pulse dura-
tion and reducing to 65 ns. The depth of the ablated crater reduces by more than half
between these two pulse durations, starting with a 1.78 µm of average depth with a
200 ns, and reducing to 0.84 µm with a 65 ns pulse.
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Another important effect can be observed from these profile graphs, the quality or
mode of the laser beam delivered by the system. As can be observed, reducing the
pulse duration for ablation of the surface, displays how the mode of the laser has an
effect on the ablated crater. Profiles of the ablated crater with 110 and 65 ns pulse
durations, show the effect of laser beam quality in the system, (M2 ≈ 1.83). The
centre of the ablated crater shows an area where the material has not been removed as
efficiently as in the surrounding areas of the crater.
Figure 4.13: Beam quality option and combinations provided by SPI Laser for the redEN-
ERGY G4 Nanosecond Pulsed Lasers
The laser beam quality factor the system is defined by the manufacturer as seen in Fig-
ure 4.13. The table shows the beam quality factor or mode for different G4 nanosecond
pulsed laser variants. In this case, the L type corresponds to the system used in this
investigation. The cross-section of the L type laser beam shape is shown.
As seen in Figures 4.12 and 4.13, the beam quality has an effect on the energy distri-
bution of the laser through the spot beam applied in the surface, affecting the ablated
crater shape. This is particularly noticeable with short pulse durations(65 - 100 ns).
Due to the amount of interaction time between the beam and the material, this effect
is reduced with larger pulse duration, such as the 200 ns pulse.
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The laser beam is near Gaussian with a slight dip in intensity at its peak. Figure
4.13 shows the effect of this in the ablated crater shape, where the centre of the crater
is generally the deepest point, and the depth is reduced as it approaches the ablated
crater edges. This is due to most of the energy delivered by the laser being concentrated
in the centroid of the laser beam, and this energy is reduced as it moves away from this
point. The slight dip intensity is only apparent in Figure 4.12 (c) and (d), i.e. shortest
pulse duration.
Figure 4.14: Ablated craters created with single pulse nanosecond ablation, with different
pulse duration and required EPulse for a crater size ≈ Dmin, a) 200 ns pulse duration, b) 160
ns pulse duration, c) 110 ns pulse duration, d) 65 ns pulse duration
Figure 4.14 shows the difference in the amount of molten material in the outer ring of
the ablated crater. The molten material is apparently reduced as the pulse duration
is decreased. The reduction of molten material in the outer ring of the ablated crater
is due to the temporal pulse shape of the nanosecond laser. The pulse rise followed
by a low energy coupling time increases the interaction between the laser radiation
and the heated substrate increasing the formation of molten material on the surface as
previously reported[127–129].
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One of the main differences of short-pulsed lasers compared with ultra-short pulsed
lasers is the thermal component deposited into the material. Ultra-short pulsed lasers
such as femto and picosecond pulsed lasers are capable of ablating the material with-
out the significant generation of a thermal component in the surface, this is called cold
ablation, thus avoiding re-deposition of molten material on the surface. The thermal
component of the nanosecond pulse melts part of the material in the ablation process,
as discussed in Chapter 2 Section 2.3 ”Laser Surface Texturing”.
Figure 4.15: 3D representation of ablated crater and molten material with a single pulse of
the nanosecond pulsed laser on Ti-6Al-4V polished surface, a) 200 ns pulse duration EPulse ≈
148µJ , b) 160 ns pulse duration EPulse ≈ 144µJ , c) 110 ns pulse duration EPulse ≈ 121µJ ,
d) 65 ns pulse duration EPulse ≈ 113 µJ .
The effect of pulse duration during the ablation process with a nanosecond pulsed laser
can be observed in Figure 4.15. The amount of re-deposited molten material on the
surface is decreased as the pulse duration decreases.
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The height of molten material in the surface reaches a maximum of 4.04 µm with the
200 ns pulse duration, and decreases as the pulse duration decreases, reaching a height
of 2.85 µm with a 65 ns pulse duration. The uniformity of the molten material on the
surface is affected by the reduction of the pulse duration as can be observed. With the
use of 65 ns pulse duration for ablation, a smaller volume quantity of molten material is
deposited in the outer ring of the ablated crater. In comparison, the quantity of molten
material deposited in the outer ring is significantly increased with 200 ns pulse duration.
From Figures 4.12 and 4.14 it can be observed how the ablation and the surface to-
pography is affected with the modification of the pulse duration. Due to the quality
of the nanosecond pulsed laser (M2 ≈ 1.83), reducing the interaction time of the laser
beam with the material can affect the shape of the ablated crater. Reduction of pulse
duration has the effect of reducing the depth of ablation and the height of the molten
material re-deposited on the outer ring of the ablated crater as observed by Ali Gokhan
et al [127]. A processing map for a single pulse ablation of Ti-6Al-4V could, there-
fore, be defined for different pulse durations and their effects on the surface material.
The amount of removed material from the surface of Ti-6Al-4V is measured for a sin-
gle spot ablation, with the depth of ablation reducing as the pulse duration reduces.
However, the use of multiple pulse ablation is typically employed for surface texturing
of different materials[46, 86–88]. For this, the depth of the ablation is measured for
a different number of pulses (1, 2, 4, 8, 16 and 32)with parameters shown in Table. 4.3:
Table 4.3: Nanosecond pulsed laser parameters for ablation with different number of pulses
Pulse duration EPulse Frequency
200 ns 148µJ 25kHz
160 ns 144µJ 29kHz
110 ns 121µJ 38kHz
65 ns 113µJ 65kHz
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Figure 4.16: Ablated depth against a different number of pulses in a single spot with
different pulse duration and pulse energy.
Figure 4.16 and Table 4.4 shows how the ablation depth for each of the different pulse
durations is modified almost in a linear trend. If the ablation depth is divided between
the number of pulses, the results are close to the original ablation depth for a single







• M2 is the beam quality
• λ is the wavelength of the laser system
• f is the focal length of focusing lens
• DL is the input beam size
The depth of focus is defined as the distance where the focussed laser beam has ap-
proximately the same intensity, defining the working distance where the laser is able
to produce the same effect on the material surface[130].
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Depth of focus calculation means that the laser system has a window of almost 2mm
where the amount of material removed by each pulse should be similar due to the same
beam intensity applied to the material surface.
Table 4.4: Depth of ablation on Ti-6Al-4V with different pulse durations and a different
number of pulses. The displayed values are the average of 7 different crater measures with
their corresponding standard deviation.
Pulse duration
Ablated Depth (µm)
1 Pulse 2 Pulses 4 Pulses 8 Pulses 16 Pulses 32 Pulses
200 ns 1.77 ± 0.07 3.38 ± 0.10 6.42 ± 0.13 13.74 ± 0.20 28.59 ± 0.37 61.24 ± 0.57
160 ns 1.60 ± 0.10 3.10 ± 0.11 5.75 ± 0.09 10.79 ± 0.13 24.73 ± 0.19 49.79 ± 0.71
110 ns 1.18 ± 0.09 2.17 ± 0.10 4.23 ± 0.18 8.76 ± 0.20 17.79 ± 0.16 36.02 ± 0.41
65 ns 0.84 ± 0.11 1.53 ± 0.09 2.90 ± 0.17 6.12 ± 0.14 12.06 ± 0.18 23.86 ± 0.09
The creation of a deeper crater increases the amount of molten material deposited on
the edges of the ablated crater due to the thermal component of the nanosecond pulsed
laser as can be seen in Figure 4.17.
Figure 4.17: Surface profile of the ablated crater with pulses of 200 ns of pulse duration,
a) 1 pulse, b) 2 pulses, c) 4 pulses, d) 8 pulses, e) 16 pulses and f) 32 pulses.
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Figure 4.17 shows how the depth of ablation increases with the number of used pulses
in the same spot, however, due to the long pulse duration (200 ns) the accumulation
of molten material on the crater edges is increased due to the interaction time of the
laser with the material surface. Reducing the pulse duration reduces this interaction
time, reducing the ablated depth and the molten material deposited on the crater edge
as can be observed in Figure 4.18 below.
Figure 4.18: Surface profile of ablated crater with 32 pulses with different pulse durations,
a) 200 ns of pulse duration, b) 65 ns of pulse duration
Figure 4.18 shows the comparison between the ablated depth with 32 pulses with 200
and 65 ns of pulse duration. As can be observed not only the ablated depth is re-
duced but also the amount of molten material deposited in the crater edge is reduced.
This confirms the observations made about the difference in the pulse shape of the
G4 SPI Laser between long pulse duration (100 to 200 ns) and shorter pulse duration
(below 100 ns) where a long pulse duration increases the generation on molten material.
Another difference that can be observed in Figure 4.17 is the shape of the ablated
crater. The ablated crater with a 65 ns pulse duration appears to be wider than the
crater created with 200 ns pulse duration. This is due to the accumulation of molten
material in the edges of the crater and the observation limitations of the white light
interferometer, which is unable to clearly measure the edges features, especially when
the ablated depth is increased. As the depth is increased the molten is unable to reach
the top of the surface and thus is deposited in the inside crater edges as can be observed
from Figure 4.18.
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Figure 4.19: Ablated crater with 32 pulses and different pulse durations, a) 200 ns pulse
duration EPulse ≈ 148µJ , b) 160 ns pulse duration EPulse ≈ 144µJ , c) 110 ns pulse duration
EPulse ≈ 121 µJ , d) 65 ns pulse duration EPulse ≈ 113 µJ .
Figure 4.19 shows how the molten material is trapped inside the ablated crater with 200
and 150 ns of pulse duration, reducing the size of the crater due to the molten material
accumulated within the crater. With pulse duration of 110 ns and 65 ns the crater size
is increased due to less ablated depth and the molten material being expelled to the
surface. The 65 ns pulse duration creates a more defined crater, however, the amount
of molten material expelled from the crater spot is increased and more molten material
can be observed on not processed areas away from the crater spot. A hypothesis for
this effect is the relation between the produced shockwave through laser ablation and
the molten material produced. As the pulse duration decreases the molten material
volume produced by ablation and the thermal component of the nanosecond pulsed
laser decreases as well, thus the produced shock wave is able to push the material fur-
ther away due to the reduced molten material volume[127].
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In order to obtain a more accurate representation of the difference of ablated and
molten material with different pulse durations, material volume calculations were car-
ried out with the acquired data from the white light interferometer. Volumes of the
ablated material and the deposited molten material on the crater edge are presented
in Figures 4.20 and 4.21.
Figure 4.20: Ablated volume against different number of pulses in a single spot with
different pulse duration and pulse energy.
Figure 4.21: Molten material volume against different number of pulses in a single spot
with different pulse duration and pulse energy.
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Figures 4.20 and 4.21 show how the ablated and molten material volume increases as
the number of pulses increases. However, ablation with shorter pulse duration, such
as 65 ns, removes a lower volume from the surface and thus the volume of molten ma-
terial deposited on the surface is also reduced in comparison with 200 ns pulse duration.
It is important to clarify that the obtained volumes for ablated and molten material are
an estimation. This is due to the operation principle of the white light interferometer,
which is based on light reflection from the material to acquire the required data. Be-
sides, the ablated volume can be underestimated on the ablated craters with 16 and 32
pulses, due to the molten material accumulation inside of the crater. The high thermal
accumulation for high pulse numbers not only creates the molten material deposition
on the surface material and inside of the ablated crater, but also changes the colour of
the material. This creates a black molten material, which is difficult to observe with
the white light interferometer especially with the uneven deposition of the material as
can be observed in Figure 4.22 below.
Figure 4.22: Ablated craters created with EPulse ≈ 113 µJ and pulse duration of 65 ns.
a) 8 pulses, b) 16 pulses, c) 32 pulses ablated craters.
As can be observed from Figure 4.22, the molten material deposited on the surface is
darkened in comparison with the polished surface of Ti-6Al-4V. This creates limitations
on the required light reflection for the operation of the white light interferometer. These
limitations have an impact on the material volume calculation of ablated craters with
a high number of pulses.
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The increase in the number of pulses used for ablation of Ti-6Al-4V was shown to be
efficient for the removal of a greater amount of material from the surface thus increas-
ing the ablated depth. However, the increment in the number of pulses can have a
negative effect on the surface topography, especially with high numbers of pulses as
seen in Figure 4.23.
Figure 4.23: Ablated craters created with EPulse ≈ 113µJ and pulse duration of 65 ns.
a) Single pulse, b) 2 pulses, c) 4 pulses, d) 8 pulses, e) 16 pulses and f) 32 pulses ablated
craters.
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Figure 4.23 shows how the increase in the pulse number for the ablation of the material
surface has a detrimental effect on the quality of the ablated surface. An increasing
amount of molten material can be seen to accumulate on the surface. A significant
amount of molten material was expelled out of the laser beam ablation area for ab-
lated craters with 8, 16 and 32 pulses. It can also be seen the slight misalignment of the
ablated craters and molten material deposition, especially with a low number of pulses.
The increased amount of molten material away from the ablated surface and crater
edge represents a potential complication for the creation of micro-structure on the ma-
terial. One of the main advantages of the laser system in comparison with traditional
manufacturing methods is the processing accuracy and the highly controllable features
created. In this case, using a high number of pulses for ablation of the material can
create uncertain features in the microstructure, due to the high amount of molten ma-
terial deposited on the surface. In order to create a functional microstructure on the
surface, it is important to control and reduce these types of uncertainties as much as
possible.
Further exploration of the possible surface features generated by these laser types will
be given in Chapter 5.
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4.4 Summary
Analysis of the ablation process with a nanosecond pulsed laser on Ti-6Al-4V was car-
ried out using different EPulse and pulse duration to characterise the effects on the
material surface. The ablation threshold was calculated by the measurement of the
crater size with different EPulse for a range of different pulse durations (65 to 200 ns)
to create a process window for the ablation of the material and thus, the creation of
micro-structured surfaces in subsequent chapters.
A study into the ablated surface topography of the Ti-6Al-4V was carried out. Mea-
surements of the depth of ablation with different pulse duration showed that as the
pulse duration is reduced the amount of material removed reduces as well. This is
the case even when the EPulse is calculated for obtaining an ablated crater diameter
similar to the theoretical Dmin for each one of the pulse durations. The amount of
molten material re-deposited on the ablated crater edges decreases as the pulse dura-
tion decreases, following a similar pattern as with the removed material. Effects of the
laser quality on the ablated crater shape were characterised for decreasing pulse dura-
tions, showing that a smaller pulse duration magnifies the pulse shape of the laser beam.
The use of different numbers of pulses for material surface ablation showed that the
depth of ablation obtained can be multiplied by the number of pulses used in the same
spot on the surface. The depth of ablation decreases in the same way as with the
decrease of pulse duration. However, the adverse effects of using a high amount of
pulses for surface ablation are also explored, especially with regards to the amount
of material re-deposited on the surface. Ablated and molten material volumes were
estimated through the white light interferometer in order to confirm the obtained
results from the ablation depth with a different number of pulses and pulse durations.
The molten material accumulation inside of the ablated crater, especially with longer
pulse durations (100 - 200 ns) and a high number of pulses makes these results only
an estimate of the real ablated and molten material volumes.
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The observations made in this chapter for the ablation of the Ti-6Al-4V with a nanosec-
ond pulsed laser and the effect of using different pulse durations highlights the capa-
bilities of the laser system for the modification of the material surface topography.
The obtained results of these effects create a suitable process map of parameters for
the creation of functional microstructures on the surface of the material such as the
modification of wettability properties. This will be presented in Chapter 5.
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Chapter 5
Surface structuring for wettability
modification
5.1 Introduction
The use of super-hydrophobic surfaces is being widely investigated for several appli-
cations such as corrosion resistance, self-cleaning, micro-fluid control, and functional
surfaces for medical and aerospace industries. Different types of super-hydrophobic
structures have been studied over the years, several of these studies have tried to em-
ulate diverse properties observed in nature. Most of these structures found in nature
depend on a coating or texture that helps increase water repellency[69, 72, 131].
Laser texturing for the creation of super-hydrophobic material surfaces has been in-
vestigated previously, largely with the use of pulsed lasers in the femto and picosecond
regime. The use of next generation robust fibre based nanosecond pulsed lasers can
potentially reduce the cost and complexity of this application significantly.
Improvements in wettability can take several days and even weeks after laser treatment,
depending on the processed metal system. A surface will initially present a hydrophilic
effect typically and the contact angle will evolve over a number of days. Several studies
have been made to understand this process and have concluded that the chemistry in
the surface plays a fundamental role in the improvement and stability of the effect. An
initial oxidation is induced by laser processing on the surface and this oxidation layer
is enhanced with time due to the ambient conditions improving the contact angle on
the surface[91].
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In this chapter the use of a nanosecond pulsed laser to create a micro-structure on the
surface of Ti-6Al-4V is investigated. The thermal component of the nanosecond pulse
regime can improve the creation of beneficial surface structures due to the deposition
of molten material created by the pulse, improving not only the amount of ablated ma-
terial but also deposition of material on the top of the surface. In addition, a thermal
post-process is investigated in order to explore the effects on the oxidation layer cre-
ated by laser processing and the required time for stabilisation of the contact angle[120]
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5.2 Preliminary scanning technique
In order to compare the capabilities of the nanosecond pulsed fibre laser with previous
investigations, polished Ti-6Al-4V samples were processed with a square-grid based
laser ablation technique[98, 99, 120, 121]. This technique involves the creation of
micro-channels in both horizontal and vertical directions on the material surface. This
type of surface structuring technique has been widely explored for wettability proper-
ties modification on ultra-short pulsed lasers (femto and picosecond pulse regime)[89,
92–94, 96]. The scanning head system (Nutfield XLR8-10) allows the deflection of the
laser beam into a stationary sample maintaining focusing conditions as long as the
sample is positioned in the focal plane as discussed in Chapter 3 of this thesis. A
schematic diagram of the scanning technique surface texturing of Ti-6Al-4V is shown
in Figure 5.1 below.
Figure 5.1: Scanning technique schematic for nanosecond pulsed laser surface structuring
of Ti-6Al-4V for a given Hatch Distance (H.D.) and Pulse Overlap (P.O.)
Figure 5.1 shows the scan technique divided into two steps. The first step creates an
arrangement of horizontal lines with a constant Hatch Distance (H.D.) and a Pulse
Overlap (P.O.). The same parameters are used for the second step, where vertical lines
are created on top of the structured surface to form a square-grid surface texturing on
the material.
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Pulse overlap of the created lines is defined by Equation 5.1 below[132]:




• vs is scan speed
• fp is repetition frequency of laser system
• Dmin is the calculated spot size defined on Chapter 4 of this thesis ≈ 49.68 µm.
With the scanning technique described in the schematic presented in Figure 5.1, a high
pulse overlap is required for the complete line ablation on the material surface. The
laser parameters used for this technique are presented in Table 5.1 below.
Table 5.1: Laser processing parameters for Ti-6Al-4V surface texturing for the square-grid
based scanning technique
Laser parameter Value
Laser fluence, [J/cm2] 4.13, 5.16, 6.19, 7.22, 8.26, 9.29
Repetition frequency, [kHz] 65
Pulse duration, [ns] 65
Scan speed, [mm/s] 260
Hatch Distance, [H.D. (µm)] 50, 100, 150, 200
Pulse Overlap, [P.O. (%)] 91.95
After laser surface texturing, the samples were placed in a conventional electric oven
(MEMMERT SM 100) for 24 hours at a temperature of 120 ◦C for a low-temperature
annealing treatment, this treatment has been previously explored with other materials
in order to decrease the time necessary for the stabilization of the contact angle on
laser surface textured metallic surfaces[120, 121].
David Rico Sierra 98 PhD. Thesis
5. Surface structuring for wettability modification
5.3 Experimental results preliminary scanning technique
5.3.1 Surface topography
The fabrication of the microstructure was analysed using a white light interferome-
ter(WYKO) in order to characterise the effects of laser fluence and hatch distance
between scanned lines on the material surface. Figure 5.2 shows four created surface
structures with the same laser fluence (6.11 J/cm2) and four different hatch distances.
As can be observed, the ablated channels created a hierarchical surface structure where
part of the material is removed due to laser ablation and the other part is redeposited
as molten material on the edges of the ablated channels due to the thermal component
of the nanosecond pulsed laser and high pulse overlap.
Figure 5.2: Laser textured surfaces on Ti-6Al-4V with 6.11 J/cm2 and different Hatch
Distance (H.D.), a) 50 µm, b) 100 µm, c) 150 µm and d) 200 µm
Figure 5.2 shows that with increasing hatch distance, above 50 µm, surface areas are
left untreated by the laser beam, leaving a polished surface behind. The creation of
two fundamental types of surface structures can be observed from this figure. With
50 µm hatch distance a micro-pillar surface structure type is created on the surface
due to Dmin ≈ 49.68µm. Creating a surface were Dmin ≈ HatchDistance means that
there is virtually no area left without laser ablation on the material surface.
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The zero distance between the ablated channels means that effectively the intersection
areas are ablated twice and the deposited molten material forms a micro-pillar like
surface structure. With a hatch distance > 50 µm the creation of channels on the
material surface is clearly defined, and only the intersection points are ablated twice
by the laser, creating a larger molten material around these particular points.
To characterise the effects of increasing laser fluence on the creation of this type of
microstructures, six different fluences were investigated. The micro-channels were anal-
ysed and characterised for a comparison of the ablated depth(A.D.), molten material
height(M.M.H.) and ablated width(A.W.), with the increasing laser fluence as shown
in Figure 5.3.
Figure 5.3: Schematic diagram of ablated channel with 6.19 J/cm2 of fluence and distance
measurements
Figure 5.3 displays a cross-section diagram of a typical ablated channel with the
nanosecond pulsed laser, in this case, created with 6.19 J/cm2 of laser fluence. Mea-
surements for the six different laser fluences were undertaken on surfaces created with
H.D. of 100µm to compare features measurements with the untreated portion of the
surface.
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Figure 5.4: Measurements of channel characteristics vs laser fluence [A.D. = Ablated
Depth, A.W. = Ablated Width, M.M.H. = Molten Material Height and A.D.I. = Ablated
Depth on Intersecting Points]
Figure 5.4 shows how the increasing laser fluence increases the Ablated Width (A.W.)
and Ablated Depth (A.D.) of the channels created on the material surface. The increase
of these measurements means that a higher amount of molten material is deposited on
the ablated channel edges, increasing the Molten Material Height (M.M.H.). However,
it is important to notice that A.D. remains virtually the same for laser fluences from
7.22 to 9.29 J/cm2, following the same trend presented on Chapter 4 ”Surface Topog-
raphy” section of this thesis, indicating that in order to increase the A.D. a higher
number of laser pulses are required instead of increasing EPulse.
The scanning technique means that a double ablation process is produced on the in-
tersecting channel points and this measurement is presented in Figure 5.4 as Ablated
Depth on Intersecting points (A.D.I.). As can be observed, the ablated depth in these
areas is double that of a single ablated channel, as expected according to the depth of
focus of the system discussed in the previous chapter of this thesis.
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With increasing laser fluence the amount of molten material deposited on the channel
edges is increased as well. However, the amount of molten material deposited on the
surface is increasingly uneven with laser fluence above 7.80 J/cm2, creating variations
in the molten material height through the ablated channel as shown on the Molten
Material Height measurement variations presented in Figure 5.4.
These variations have a detrimental effect on the microstructures created on the ma-
terial surface. With higher laser fluence, the thermal component into the material
increases affecting the deposition of molten material and the overall quality of the ab-
lated channels. The width of the ablated channels increases pushing a larger amount
of material into the edges and ejecting drops of molten material outside the laser beam
path. It has been observed from previous investigation with nanosecond pulsed lasers
that the shockwave expansion of a single nanosecond pulse ablation is increased as
the laser fluence increases[127, 133]. As observed in Chapter 4 section 4.3.1 ”Ablation
threshold” on this thesis, with an increase in the laser fluence, the size of the ablated
crater increases, however the ablated depth for a single pulse ablation follow a slightly
different trend, with a quick rise in the ablated depth as the laser fluence increases fol-
lowed by a rapid stabilisation of the ablated depth with the a particular pulse duration
as can be observed in the section 4.3.2 ”Surface topography” of this work. this two
observation can explain how with an increased laser fluence the A.W. measurement
increases, however the A.D. rapidly stabilises, and also with the increase of the fluence
the shockwave created by the ablation plume increases pushing the molten material
further away from the laser path.
The creation of suitable super-hydrophobic surface with lasers mainly relies on the
creation of air pockets within the surface and water droplet interaction. An uneven
surface structure creates a problem for the formation of these air pockets, together with
and increase in the size of the ablated channels(A.W.), produces a surface structure
with increasable uncontrollable effects on features definitions and the molten material
deposition as can be observed in Figure 5.5.
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Figure 5.5: Surface profile and SEM image of ablated micro-channels with 100 µm of
separation and increasing laser fluence, a) 4.13 J/cm2 laser fluence, b) 6.19 J/cm2 laser
fluence, and c) 9.29 J/cm2 laser fluence
Figure 5.5 shows the comparison of surface profiles with 100 µm of hatch distance cre-
ated with three different laser fluence. As can be observed the overall quality of the
microstructure decreases as the energy input of the laser system is increased. With a
laser fluence of 9.29 J/cm2, Figure 5.5 (c), the amount of molten material randomly
deposited on top of the ablated and untreated area increases significantly, decreasing
the overall definition of the ablated channel shape. In comparison, the microstructure
created with 4.13 J/cm2, Figure 5.5 (a), displays a clearly defined laser path with lack
of molten material outside of the ablated channel.
These effects are magnified in the surface microstructures created with 50µm of hatch
distance due to the theoretical lack of separation between the ablated channels as can
be observed in Figure 5.6.
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Figure 5.6: Surface profile and SEM image of ablated micro-channels with 500µm of hatch
distance and increasing laser fluence, a) 4.13J/cm2 laser fluence, b) 6.19J/cm2 laser fluence,
c) 8.26 J/cm2 laser fluence and d) 9.29 J/cm2 laser fluence
Figure 5.6 shows how the increasing laser fluence has a detrimental quality effect on
the microstructures created with 50 µm of hatch distance. The created channels and
the molten material are uniformly defined on the created microstructures with 4.13
and 6.19 J/cm2 of laser fluence, as shown in (a) and (b). However, with the increase
of laser fluence, these surface definitions are lost, creating a large amount of molten
material randomly deposited on the surface, as can be observed on (c) and (d). The
high accumulation of molten material deposition even produces unions of the created
micro-pillars by laser ablation as observed on (d). This effect creates an uncontrollable
surface microstructure with the use of high laser fluence due to the random nature of
the molten material deposition.
These type of effects on the creation of surface microstructures for wettability modifi-
cation can have a detrimental effect on the hydrophobicity of the material, due to the
lack of constant surface features.
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Surface topography analysis highlights one of the main differences in the creation of
micro-structures with the SPI G4 laser system and previous investigations for the
creation of super-hydrophobic surfaces on metallic materials[97, 120, 123]. A funda-
mental difference with the majority of previous investigations is on the type of laser
used. Ultra-short pulsed lasers such as femto and picosecond pulsed lasers are often
used for the creation of super-hydrophobic surface structures. These laser systems
have the ability to create features on the micro-scale regime, due to laser ablation, and
nanoscale surface structures called LIPSS. Laser-Induced Periodic Surface Structures
(LIPSS) tend to be created on metallic materials, generating perpendicular ripples to
the polarisation of the laser beam[48, 134–136].
Previous investigations have used this capabilities for the creation of surface micro-
structure through laser ablation of a material with ultra-short pulsed laser. This creates
a low-energy surface allowing the formation of air pockets between the micro-structured
surface, causing a water droplet to just touch the top of the micro-structure, thus cre-
ating a super-hydrophobic surface[137–139].
The creation of super-hydrophobic surfaces with nanosecond pulsed lasers is of sig-
nificant interest currently. A number of studies published during the course of this
work have used a similar concept to that proposed here for surface modification[84, 99,
140]. These systems rely on a significantly smaller laser beam size in order to reduce
the width of the ablated channels, this allows the creation of micro walls due to the
molten material deposition allowing pockets of air to be formed within the created
micro-structure. However, the creation of this type of micro-structures means that
areas of untreated material have been left behind which can have a detrimental effect
for the super-hydrophobic behaviour with the possibility of the water droplet touching
these untreated areas and changing the wettability state of the surface structure as
described in the next sections[120, 121].
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5.3.2 Contact angle development
Contact angle measurements of samples were analysed for the increasing laser fluence
and hatch distance in order to characterise the effects of the created micro-structure
on the surface of the material. Three different contact angle measurements were un-
dertaken in the centre of the structured area surface in order to obtain a statistical
sample of the measurements. Two sets of samples were produced with the same laser
parameters, one set of samples was put through thermal post-processing and stored
under normal ambient conditions after this process. The second set of samples were
not subjected to the thermal post-processing and simply stored under normal ambient
conditions in order to verify the effects of thermal post-processing on the contact angle
development.
Figure 5.7: Static contact angle development through time of Ti-6Al-4V with nanosecond
ablated surface without thermal post-process, 4.13J/cm2 of laser fluence and a hatch distance
of 50 µm
Figure 5.7 shows how surface micro-structures created through laser ablation on metal-
lic materials without thermal treatment show a hydrophilic behaviour after the laser
process. It takes several days before the contact angle acquires a hydrophobic (contact
angle > 90◦) or even super-hydrophobic(contact angle > 150◦) effect. This effect has
been previously investigated and it has been concluded that the oxidation state of the
surface plays a fundamental role on the development of metallic super-hydrophobic
surfaces[92, 98, 99]. This oxidation layer is normally activated through the laser abla-
tion process and stabilised through time under ambient conditions[90, 91, 120].
This effect was observed on the samples with no thermal post-processing with the static
contact angle measurements presented in Figure 5.8.
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Figure 5.8: Static contact angle values for square-grid shaped nanosecond laser structured
surface on Ti-6Al-4V, No Thermal post-processing, four different Hatch Distance (H.D.)
a) 50 µm of H.D., b) 100 µm of H.D., c) 150 µm of H.D. and d) 200 µm of H.D.
As can be observed in Figure 5.8, samples with no thermal post-processing present
a hydrophilic behaviour in the first days after the laser surface texturing process, as
the static contact angle decreases in comparison with samples with no surface textur-
ing(polished Ti-6Al-4V). However, after a few storage days, the static contact angle
steadily rises to reach hydrophobic or even near super-hydrophobic levels, depending
on the structure created by the laser processing. All the processed samples exhibited
a static contact angle superior to the polished CA after 31 days.
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Samples with 50µm of H.D., processed with laser fluence of 5.16J/cm2 and 6.19J/cm2
seen in Figure 5.8(a), exhibit a higher static contact angle in comparison with sam-
ples of H.D. > 50 µm, reaching 126◦ and 129◦ respectively after 31 days. However,
not a single sample reached super-hydrophobic levels(> 150◦ of static contact angle).
The same behaviour is observed in samples with 100 µm of H.D. and laser fluences
of 5.16 J/cm2 and 6.19 J/cm2(Figure 5.8 (b)) reaching similar measurements of static
contact angle after 31 days.
Samples with 150 µm and 200 µm of H.D., seen in Figure 5.8(c) and (d), displayed
reduced static contact angle measurements. After 31 days these samples exhibit a hy-
drophobic behaviour with measurements below 100◦ of static contact angle. As can
be observed from the measurements presented in Figure 5.8, the samples followed the
Wenzel state model, due to the increase of the roughness ratio and the intrinsic contact
angle of the polished Ti-6Al-4V ≈ 54◦.
However, as shown in Figure 5.8, the contact angle improves with time and after
several days it reaches a hydrophobic state (after 7 days), even reaching near-super-
hydrophobic contact angle after 31 days. This follows the same observed wettability
behaviour previously discussed by Bizi et al where the surface chemistry plays a fun-
damental role for the contact angle improvement over time[91].
Another characteristic of the Wenzel state, is the lack of liquid displacement or rolling.
This means that even when the contact angle is almost in the super-hydrophobic regime,
the liquid droplet will stay on the same surface area even when the material is tilted
at high angles. This was observed for all the samples after 31 days.
In order to observe the effects of micro-structured surfaces with thermal post-process,
the static contact angle of each surface with thermal post-processing was measured on
different days during a one month period as shown in Figure 5.9.
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Figure 5.9: Static contact angle values for square-grid shaped nanosecond laser structured
surface on Ti-6Al-4V, Thermal post-processing, four different Hatch Distance (H.D.), a)
50 µm of H.D., b) 100 µm of H.D., c) 150 µm of H.D. and d) 200 µm of H.D.
As can be observed from Figure 5.9, all the samples show a contact angle superior to
the contact angle of a polished surface (Polished CA) since the first day, this is due to
the thermal post-process applied to the sample right after the laser surface texturing.
However, only a few samples present a super-hydrophobic contact angle (> 150◦). Two
of these surfaces are with a hatch distance(H.D.) of 50 µm and laser fluence of 5.16
and 6.19 J/cm2. The third surface showing a super-hydrophobic behaviour is with a
H.D. of 100 µm and 6.19 J/cm2 of laser fluence.
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The increase of laser fluence has an effect on the contact angle development. When
the used energy reaches a point where the molten material is chaotically deposited on
the surface, the contact angle presents only a hydrophobic behaviour. This can also be
explained by the changes of molten material height and ablated width of the ablated
channels on the surface. With the increase of these values the ablated path works as a
water channel, spreading the liquid across the material surface via capillary effect due
to the pressure applied by the liquid droplet onto the material and constrained only
by the created microstructures.
Wetting behaviour of micro-structured surfaces is commonly characterised by two mod-
els, Wenzel state model and the Cassie-Baxter state as previously discussed in section
2.5 ”Super-hydrophobic surfaces” of this thesis. These two models base their con-
tact angle characterisation as the relation between the intrinsic contact angle and
the roughness of the surface structure given by equations 5.2 (Wenzel state) and 5.3
(Cassie-Baxter state):
cos θw = r · cos θy (5.2)
cos θCB = rf · φs · cos θy + φs − 1 (5.3)
As can be observed from Equation 5.2, for the Wenzel state, the wetting capabilities of
the material are increased as the roughness ratio (r) of the material is increased, thus
reducing the hydrophobicity of the material with the increasing roughness when the
intrinsic contact angle of the surface (θy) is < 90
◦. However, if the intrinsic contact
angle is > 90◦, the contact angle should increase as the surface roughness is increased[9,
68, 72, 76].
For the Cassie-Baxter state, the contact angle is dependent on the intrinsic contact
angle of the material as well, however, for the Cassie-Baxter model, the liquid is in
contact only with the protrusions on the surface due to the pockets of air created by
the surface structure, this fraction of the total area is defined as φs. If there are no
pockets of air within the surface microstructure, φs becomes 1 and the equation is
converted to the Wenzel state equation[68, 72].
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Figure 5.10: Average roughness (Ra) of surface structured samples with increasing laser
fluence and hatch distance (H.D.) measured with white light interferometer (WYKO).
Figure 5.10 shows how with increasing laser fluence the average roughness on the sur-
face micro-structure is increased for different hatch distance with the exception of the
sample created with 9.29 J/cm2 and 50 µm of hatch distance. This is likely due to
the relatively high fluence increasing the size of the ablated crater above the hatch dis-
tance (50µm), thus affecting the surface structure due to overlap of the ablated craters.
The main observed difference is between the average roughness of processed samples
with a hatch distance of 50µm compared with the other hatch distance values. This is
due to the increasing untreated surface area with hatch distance => 100 µm, leaving
untreated polished material and thus reducing the average roughness of the sample in
comparison with samples processed with 50 µm hatch distance where the full area is
treated by laser ablation.
The intrinsic or polished contact angle of Ti-6Al-4V is below 90◦ which means that
with the increase of Ra on the structured surface, the resulting contact angle should
decrease. This is the case for samples without the thermal post-process after laser
surface texturing process as previously observed in Figure 5.8 of the current chapter.
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In order to better characterise the wettability behaviour of the samples, the contact
angle hysteresis and sliding angle was measured for samples with static contact angle
=> 150◦. Contact Angle Hysteresis (CAH) is defined as the difference between advanc-
ing and receding contact angle [141]. For this investigation a tilted surface method for
the measurement of the contact angle hysteresis (shown in Figure 5.11) was carried out.
Figure 5.11: Schematic for contact angle hysteresis calculation through tilted surface
method for advancing (θAdv) and receding (θRec) contact angle[142]
Sliding angle is typically measured using the tilted plate method(similar to the CAH),
this method consists in placing the liquid drop onto the surface, which is slowly inclined
until the liquid drop slides away from the surface [143]. This method is presented on
Figure 5.12(c).
Figure 5.12: Water droplet on the surface of laser textured Ti-6Al-4V with 6.19J/cm2 and
50 µm H.D., a) Static contact angle with no surface tilt, b) Surface tilting at 8◦ for contact
angle hysteresis (CAH), c) Sliding angle of the water droplet at ≈ 14◦ of tilt.
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Figure 5.12 shows an example of the super-hydrophobic behaviour achieved on sur-
face structure processed with 6.16 J/cm2 and 50 µm of H.D. A high static contact
angle(> 150◦) can be observed on (a), tilting plane for contact angle hysteresis on (b)
and the slide of the water droplet for the sliding angle measurement on (c). Table 5.2
below shows the exact measurements for samples with 50µm of H.D. and two different
laser fluence.
Table 5.2: Contact angle and surface roughness after 31 days on Ti-6Al-4V surface struc-
tured with 50 µm hatch distance
Laser Fluence J/cm2
Measurements
Static CA CAH Sliding angle Ra
5.16 J/cm2 155.20◦ 23.45◦ 24◦ 5.04 µm
6.19 J/cm2 159.10◦ 15.79◦ 14◦ 7.00 µm
As shown on Figure 5.12 and Table 5.2, surface structures with 50 µm hatch distance
and 6.19 J/cm2 displays the best contact angle and hydrophobic behaviour of the cre-
ated samples. The measurements for contact angle hysteresis(CAH) of the two samples
displayed levels above the 10◦, displaying a near super-hydrophobic behaviour of the
surface structure. In order to fully characterise a surface with a super-hydrophobic
behaviour, the static contact angle requires levels superior to 150◦ and a contact angle
hysteresis(CAH) below 10◦[82, 83]. Table 5.2 shows a how as the CAH increases, the
sliding angle increases in consequence.
As seen on Figure 5.9 and Table 5.2, the only two samples with static contact angle
values superior to 150◦ through the 31 days of measurement, were the ones processed
with 5.16 and 6.19 J/cm2 of laser fluence. Samples created with the same hatch dis-
tance but increased laser fluence (above 6.19 J/cm2) have a detrimental effect on the
hydrophobic behaviour, decreasing the contact angle and returning to the Wenzel wet-
ting state.
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The loss of super-hydrophobic behaviour on the samples can be attributed to the micro-
structure generated on the surface of the material, as the features of the structure can
be affected due to the high molten material accumulation as shown on Figure 5.13
below.
Figure 5.13: Laser textured surfaces on Ti-6Al-4V with 50 µm of hatch distance and
increasing laser fluence, a) 6.19 J/cm2, b) 7.22 J/cm2, c) 8.26 J/cm2 and d) 9.29 J/cm2
Figure 5.13 shows how the increase in laser fluence has a negative effect on the quality of
the surface micro-structure, especially on the molten material deposition. Figure 5.13
(b, c and d) display the problem with the molten material deposited on the structure
and effectively joining several of the created micro-pillars. This surface structure effect
has a detrimental effect on the contact angle, avoiding the creation of the necessary
pockets of air within the surface for a super-hydrophobic behaviour under the Cassie-
Baxter state[79]. Without these pockets of air a Wenzel state of the surface describes
the contact angle development due to the liquid penetration within the micro-structure
wetting the surface as a whole and keeping the droplet position on the same area[77, 78].
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Contact angle measurements and surface characterisation provides a general under-
standing of the micro-structures required for a super-hydrophobic behaviour of the
material. Several investigations have presented different types of micro-structures on
metallic surfaces with a wide range of pulsed laser systems (femto, pico and nanosecond
pulsed lasers) as mentioned on Chapter 2 Section 2.5.3 ”Super-hydrophobic surfaces
produced with laser systems” on this thesis.
Femto and pico-second pulsed laser surface processing for super-hydrophobic behaviour
manly rely on the creation of multi scale structures on the material (micro and nanoscale
structures). Due to the ability of femto-second pulsed lasers for inducing nano-structures
on top of ablated micro-structures,this presents a fundamental advantage for the cre-
ation of super-hydrophobic surfaces[88–90]. However, these high valued systems are
mostly confined to research purposes due to the low flexibility and low volume manu-
facturing capabilities.
Nanosecond lasers have been investigated for the creation of super-hydrophobic sur-
faces, however, most of the investigated systems rely on high energy density capabili-
ties,high beam quality laser beam and a small spot size capabilities[98, 99]. In order to
obtain these system characteristics the required equipment often increases the system
value and decreases the manufacturing flexibility.
Super-hydrophobic surfaces created with nanosecond pulsed lasers, mostly rely on the
molten material deposition, enough molten material height is required for the creation
of pockets of air within the surface structure and thus avoiding the complete wetting
of the surface by the liquid droplet[98, 99]. This laser surface texturing process relies
on high Pulse Overlap (P.O.) for the accumulation of molten material on the edges
of the ablated path thus decreasing the manufacturing speed. As observed in the
obtained results in this section, the SPI G4 nanosecond pulsed laser has limitations
for the creation of super-hydrophobic surfaces with these type of techniques. A low
pulse overlap technique for super-hydrophobic surfaces is therefore proposed in the
next section.
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5.4 Improved scanning technique
Section 5.3 of the current chapter presented wettability modification properties of Ti-
6Al-4V with laser ablation and a square-grid scanning technique. As the previous
results showed, a micro-pillar like surface structure is the most effective for the im-
provement of static contact angle allowing a super-hydrophobic behaviour on the ma-
terial surface. an alternative, low pulse overlap method with a number of overscans is
presented in Figure 5.14 below.
Figure 5.14: Improved scanning technique schematic for low pulse overlap nanosecond
pulsed laser surface structuring of Ti-6Al-4V
Figure 5.14 shows how the pulse overlap employed by a modified scanning technique
is significantly reduced. In this case the pulse overlap (red) is applied not only to the
scanning direction of the laser beam, but also through the separation between each
scanned line or the hatch distance (H.D.).
With the selected pulse separation a untreated surface area (green) is created in order
to allow for molten material deposition, resulting from the ablation crater and thermal
component of the nanosecond laser, for the micro-pillar surface creation.
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To produce the desired scanning technique described in Figure 5.14 a relatively high
scanning speed is required for the pulse separation. For the increase of ablated depth
and molten material deposition on the untreated areas, the scanning technique was also
repeated 10 times, effectively over-scanning each one of the ablated craters. Different
pulse durations have been explored in order to verify the capabilities in order to create
a suitable surface micro-structure for the modification of the wettability properties.
The parameters are shown in Table 5.3 below.
Table 5.3: Laser processing parameters for Ti-6Al-4V surface texturing for the creation of
micro-pillar with low pulse overlap
Laser parameter Value
Laser fluence, [J/cm2] 6.71
Repetition frequency, [kHz] 25 - 45
Pulse duration, [ns] 200 - 90
Scan speed, [mm/s] Variable
Hatch distance, [H.D. (µm)] 36
Pulse overlap, [P.O. (%)] 23.37
Surface overscan 10
Table 5.3 shows the parameters used for the creation of micro-pillar surface structures.
A laser fluence of 6.71 J/cm2 with decreasing pulse durations from 200 to 90 ns was
chosen in order to explore the effects of pulse duration on the creation of a defined
micro-structure and fixed laser fluence. Repeatability and accuracy provided by the
scan head (XLR8-10), allows an accurate spot ablation position in order to produce
a multiple spot ablation on the same area. After the laser surface texturing process,
samples were placed into an electric oven (MEMMERT SM 100) for 20 hours at a
pre-heated temperature of 200 ◦C for thermal post-processing, in order to stabilise and
improve the oxide layer induced by laser ablation on the material surface.
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5.5 Experimental results of improved scanning technique
5.5.1 Surface topography
Laser texturing of Ti-6Al-4V with low pulse overlap and using 10 overscans creates a
micro-pillar shaped surface structure. However, the use of different pulse durations has
an effect on the created surfaces. As the pulse duration decreases the amount of ma-
terial removed by the laser decreases as discussed in Chapter 4 section 4.3.2 ”Surface
topography” of this thesis.
Figure 5.15: Laser textured surfaces on Ti-6Al-4V with 6.71 J/cm2 low pulse overlap, 10
overscans and decreasing pulse duration, a) 190 ns pulse duration, b) 170 ns pulse duration,
c) 150 ns pulse duration, d) 130 ns pulse duration, e) 110 ns pulse duration and f) 90 ns
pulse duration.
Figure 5.15 shows the differences between the created surfaces with a constant laser
fluence and scanning technique but with a decreasing pulse duration. The basic shape
of the created micro-structures is constant across all the different pulse durations.
However, as can be observed the ablated depth and height of molten material is reduced
with reducing pulse duration.
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Figure 5.15 (a), (b) and (c) displays a relatively similar micro-structure with similar
distances between the ablated surface and the top of the molten material comparing
the surface micro-structures with a pulse duration of 130 ns and below (c), (d) and
(e), shows a decreasing distance between the ablated surface and the molten material
deposited within the untreated area of the surface. This is expected and is consistent
with to the obtained results of ablated depth and molten material height measurements
presented in Chapter 4.
Figure 5.16: Peak to valley and average roughness Ra measured of the created surface
micro-pillar structures with 6.71 J/cm2 and different pulse durations(WYKO data).
Figure 5.16 shows the measurements obtained using a white light interferometer of the
created micro-structures with different pulse durations. Peak to valley measurement
refers to the distance between the bottom ablated surface and the top of the molten
material that forms the micro-pillar. As can be seen, this measurement decreases
steadily from 130 ns of pulse duration and below as would be expected due to the
decrease of ablated depth with these pulse durations. However, the increasing trend
of peak to valley distance can be observed to decrease again for pulse durations above
170 ns. This is due to the effects of the pulse duration on the ablation explored on
the previous chapter. It was demonstrated that Epulse for ablation increases as the
pulse duration increases. In this case, Epulse is kept constant and the pulse duration
is increasing thus, decreasing the capabilities of the laser pulse for removing material
from the surface.
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Another effect observed on the created surface micro-structure is the shape of the de-
posited molten material. With longer pulse durations the molten material is deposited
along the scanning direction forming a channel-like micro-structure.
Figure 5.17: Surface micro-structure created with 6.71 J/cm2 laser fluence and 200 ns of
pulse duration at 25 kHz, yellow line displays the scanning direction, a) Perpendicular view
to scanning direction, b) Parallel view to scanning direction.
Figure 5.17 shows the created micro-structure with perpendicular (a), and parallel (b),
views relative to the scanning direction used for the material ablation with 200 ns pulse
duration. As can be observed the perpendicular view shows how the molten material
is deposited along the scanning direction, in comparison the parallel view(b), which
shows a clean micro-pillar formation. This is likely due to the quality or mode of the
laser system (M2 = 1.83) which indicates that the laser spot is not a perfect circular
shape.
This effect is increased due to the fact that the Epulse used for the creation of the
micro-structure is inferior to the required Epulse for the creation of an ablated crater
≈ Dmin.
This effect is repeated on the created micro-structures with long pulse durations, how-
ever, this decreases as the pulse duration decreases due to the increased ablated crater
size with the same Epulse but smaller pulse duration. These effects are presented in
Figure 5.18.
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Figure 5.18: Surface micro-structure created with 6.71 J/cm2 laser fluence and different
pulse durations, perpendicular and parallel view to scanning direction are presented for each
pulse duration.
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5.5.2 Contact angle
The static contact angle of the samples was measured every three days, starting one
day after laser surface texturing due to the post-thermal process method. Each data
point presented in Figure 5.19 represents the average of three different static contact
angle measurements on the central area of the processed surface.
Figure 5.19: Static contact angle of micro-pillars surface structures created with the im-
proved scanning technique, 6.71 J/cm2 and decreasing pulse duration. Two different type of
samples are plotted, samples with Thermal Post-process (T.P.) and without Thermal
Post-process (No T.P.), a) 200 to 170 ns pulse duration, b) 170 to 150 ns pulse duration,
c) 140 to 120 ns pulse duration, d) 110 to 90 ns pulse duration.
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Figure 5.19 shows the static contact angle development through time for the improved
scanning technique for the creation of the micro-pillar shaped surface structures. A
clear difference in the wettability behaviour can be seen between samples with the
thermal post-processing(T.P.) and samples without the post-processing treatment(No
T.P.).
The static contact angle reaches super-hydrophobic levels with almost all the samples
processed with the scanning technique, even when the pulse duration is decreasing as
long when the thermal post-process is used for the stabilisation of the oxide layer on the
material surface. However, as shown in Figure 5.19 (a), surfaces created with 200 and
190 ns pulse durations display a super-hydrophobic behaviour in the first few days, but
this effect is lost over time, returning to a hydrophobic behaviour where a high contact
angle is exhibited, but no real liquid repellency. This type of effect is attributed to the
surface structure shape, with longer pulse durations the material is deposited to the
edges of the scanning direction creating a channel-like surface micro-structure. This
is likely related to the laser spot not being completely circular in shape as previously
discussed in Chapter 3 of this thesis.
However, reducing the pulse duration provides a more circular shape of the ablated
crater, improving the structure and thus the wettability properties of the surface
micro-structure. Figure 5.19 (b), (c) and (d) show how the contact angle displays
a super-hydrophobic behaviour from day 1 after the thermal post-process with a good
stabilisation over the 31 days of measurement.
In comparison, samples with laser surface texturing under the same scanning technique
but with no thermal post-processing(No T.P.) display a reduced static contact angle
directly after the texturing process and slowly improving over time. This behaviour is
typically observed in previous investigations when a metallic material is subjected to
a laser surface texturing process[88–93].
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However, as the pulse duration decreases, the static contact angle on the first day
decreases on samples without the thermal post-processing(No T.P.). This effect is am-
plified with pulse durations below 150 ns where the contact angle is displayed as zero
(Figure 5.18 (c) and (d)) on the first day after the laser surface texturing procedure.
This is due to the liquid droplet extending outside of the field of view of the DropShape
analysis system, effectively displaying a hydrophilic effect on the surface.
Figure 5.20: Contact angle angle measurements after 31 days on Ti-6Al-4V surface struc-
tured with 6.71 J/cm2 laser fluence, thermal post-process and different pulse durations. a)
Static contact angle after 31 days, b) Contact angle hysteresis (CAH) and Sliding angle (SA)
after 31 days, the dotted line represents the required value for super-hydrophobicity behaviour.
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In order to completely characterise the super-hydrophobicity of the created micro struc-
tures, the static contact angle, Contact Angle Hysteresis (CAH) and Sliding Angle (SA)
were measured after 31 days as shown in Figure 5.20. Figure 5.20(a) shows how the
static contact angle is > 150◦ for the majority of the pulse durations used for surface
structuring of Ti-6Al-4V after 31 days with the exception of surfaces created with 190
and 200 ns pulse duration where the contact angle after 31 days is < 150◦.
To properly classify a super-hydrophobic surface, the contact angle hysteresis(CAH)
is measured after 31 days. As shown in Figure 5.20(b) the highest values for CAH
are presented on the surfaces created with 200 and 190 ns. There is no sliding angle
measurement for these two surfaces, which means that no surface tilting angle is able
to move the droplet from the contact position on the surface.
However, as the pulse duration is reduced, the contact angle hysteresis decreases until
reaching 6.23◦ ± 1.33 on the surface created with a pulse duration of 140 ns. With
pulse durations below 140 ns the CAH increases again as the pulse duration decreases.
The same trend is observed on the sliding angle measurements with different pulse
durations, however, there is a big increase on the SA for surfaces created with pulse
durations below 130 ns reaching a maximum level of 37.2◦ ±3.6 for the surface created
with 100 ns of pulse duration.
As can be observed, the micro-structure shape has a fundamental role on the wetta-
bility of the surface. Surfaces created with 200 and 190 ns pulse duration display a
channel-like shape with most of the molten material deposited along the scanning di-
rection. However, as the pulse duration decreases the created micro-structures display
a more defined micro-pillar structure, with the deposition of the molten material on
the untreated areas (Figure 5.15). A side-effect With the decrease of the pulse duration
is the decrease of the distance between the tips of the micro pillars and the ablated
valleys due to the decreasing removal capabilities as described in Chapter 4 of this
thesis.
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Figure 5.21: Scanning Electron Microscope (SEM) images of created micro-pillar struc-
tures with different pulse duration, a) 200 ns pulse duration, b) 180 ns pulse duration, c) 160
ns pulse duration, d) 140 ns pulse duration, e) 120 ns pulse duration and f) 100 ns pulse
duration. (6.71 J/cm2 laser fluence and scanning speed range of 900 to 1,620 mm/s )
The Figure 5.21 shows how with a pulse duration of 140 ns a clearly defined micro-
pillar structure is created. Micro-structures created with a longer pulse duration tend
to form a channel in the scanning direction. In comparison, shorter pulse durations
create a structure where the micro-pillars are seemingly less defined (Figure 5.21 (e)
and (f)).
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These effects can be explained by the change in the ablated craters with a constant
Epulsed and a decreasing pulse duration. Chapter 4 of this thesis described how the
ablation threshold decreases as the pulse duration decreases, effectively reducing the
required Epulse for the ablation of the material.
With this characterisation it can be assumed that using a constant Epulse will increase
the size of the ablated crater as the pulse duration decreases. At the same time the
ablation depth will be decreasing as the pulse duration decreases.
Figure 5.22: Calculated ablated diameter with 130 µJ of Epulse and decreasing pulse
duration in blue, measured ablation depth for a single pulse ablation displayed on red
Figure 5.22 shows how the ablated crater diameter increases as the pulse duration
decrease according to the calculated ablation threshold trends described in Chapter
4 of this thesis. The increase in the ablated crater diameter means that the Pulse
Overlap (P.O.) between the ablated craters is increased with shorter pulse durations
reducing the space for the molten material deposition, thus, reducing the height of
the micro-pillars as shown in Figure 5.16. In comparison, depth of ablation er pulse
decreases as the pulse duration decreases which coupled with the quality mode of the
SPI G4 laser system (M2 ≈ 1.83) explains the reduction in the size of the micro-pillars
features.
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5.5.3 Surface chemistry
In order to characterise the surface chemistry generated by the thermal post-process,
the created surfaces were analysed through XPS. The XPS analysis was carried out on
an Axis-Supra instrument from Kratos Analytical using monochromatic Al kα radia-
tion (225 W) and a low-energy electron flood source for charge compensation. Survey
scan spectra were acquired using a pass energy of 160 eV and a 1 eV step size. Nar-
row region scans were acquired using a pass energy of 20 eV and a 0.1 eV step size.
The hybrid lens mode was used in both cases. The data was converted into the VA-
MAS file format (*.vms) and imported into the CasaXPS software package for analysis.
Figure 5.23: XPS Spectra for Ti-6Al-4V structured samples 6.71 J/cm2 and 130 ns pulse
duration, red spectra corresponds to as received sample (polished without laser surface struc-
turing), green spectra is for laser surface structure without thermal post-processing, and blue
spectra indicates the sample with laser surface structuring and thermal post-processing.
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For the analysis an average of six samples was selected in order to verify the change in
the surface oxidation with laser surface texturing and the difference between samples
without or without thermal post-processing.
From the XPS analysis presented in Figure 5.23 a lower carbon concentration (C 1s) on
both samples with laser surface texturing (with and without thermal post-processing)
can be observed in comparison with the untreated sample (polished). This is due to
the amount of surface contamination that can be transferred onto the material surface
under ambient conditions. A second point is the significant increase in oxygen concen-
tration (O 1s) on the samples with laser surface texturing and thermal post-processing
in comparison with samples without thermal post-processing and polished, indicating
a higher titanium oxide accumulation on the surface.
Aluminium levels were similar (Al 2p) between samples treated with laser surface
texturing, however, for the polished sample, only a small amount of aluminium con-
centration was detected, this could be due to the relatively high levels of contaminants
on the surface (carbon).
The titanium oxide analysis (Ti 2p) shows that the proportion of titanium oxide
(Ti(IV)) increases on the samples with laser surface texturing whilst the amount of
titanium metal (Ti(o)) decreases as shown in Figure 5.24.
Figure 5.24: Averaged percentage area of each titanium oxidation state
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As can be observed from Figures 5.23 and 5.24, the oxidation state on the surface
does appear to play a fundamental role in the wettability of the structured surface.
The increasing accumulation of stable TiO2 (Ti(IV) oxide) benefits the creation of
super-hydrophobic surfaces on titanium alloys due to their natural water repellency
properties. This has been demonstrated in previous investigations that shown that a
higher accumulation of TiO2 increases the hydrophobicity of the titanium alloy[90, 99,
140, 144].
With the XPS analysis it can be observed that the thermal post-processing plays a
fundamental role for the stabilisation and increase of titanium oxides on the surface,
thus, decreasing the amount of time required to reaching a super-hydrophobic state of
the surface through laser surface texturing.
While a comparison of specific laser parameters did not show a large enough difference,
the influence of the topography combined with the surface chemistry is undeniable.
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5.6 Summary
The use of lasers to create micro-structures on metal surfaces in order to change the
wettability properties of a material has been widely explored to date, however this has
been mainly confined to ultra-short pulsed lasers working in the femto and picosec-
ond regime. In order to explore a more robust industrial method for the creation of
super-hydrophobic surfaces, a fibre based nanosecond pulsed laser has been used to
process polished Ti-6Al-4V samples to produce customised topography. The samples
have then received a low temperature annealing post-treatment. This decreased the
required time for reaching the super-hydrophobic point considerably. The nanosecond
pulsed laser provides a thermal component in the surface, helping with the creation
of micro pillars in the surface morphology. The use of scanning electron microscopy
(SEM), white light optical profiling, XPS analysis, and contact angle measurements
were used to characterize and quantify the effects of the surface modification on the
wetting properties of the material.
Several investigations have been developing surface micro-structures capable of the cre-
ation of pockets of air within the surface structure for the improvement of the contact
angle and super-hydrophobicity of the metallic material, most of them rely on ultra-
short pulsed lasers and their ability to create not only a hierarchical surface structure
with micro and nano scale levels of structures thanks to the creation of LIPSS[88–91].
The use of nanosecond pulsed lasers for the development of super-hydrophobic sur-
faces have been previously addressed. However most of these investigations rely on
the creation of high amounts of molten material on the surface through slow ablation
and smaller spot sizes for the creation of micro walls capable of creating pockets or air
within the surface. In the case of the SPI G4 laser used in this work, several limitations
for the creation of these types of walls are presented, a bigger spot size, over beam qual-
ity (M2) and variable pulse shape make the creation of these previously investigated
micro-structures difficult to achieve.
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This chapter presented an alternative scanning technique for the creation of micro-
pillar like structures. These structures are capable of producing the necessary pockets
of air within the surface for the development of super-hydrophobic surfaces. The use
of thermal post-processing has proved helpful for the decrease of the typical required
time for metallic laser structured surfaces to achieve high levels of hydrophobicity. The
development of an improved scanning technique with low pulse overlap takes advan-
tage of the thermal component of the nanosecond pulsed laser and the molten material
deposition for the creation of these types of micro-structures.
Characterisation of the oxidation state of the surface through XPS analysis showed
that a simple thermal post-process treatment can improve the stabilisation of the oxi-
dation state of the surface after laser texturing, increasing the hydrophobicity nature
of the surface through the oxide layer.
The creation of a suitable micro-structure through the nanosecond pulsed laser and
different pulse durations was successful. However, it is important to note that due
to the laser beam quality and the parameters specification of the SPI G4 system, a
detailed analysis of ablated craters and shape is required for parameter selection for
the surface texturing process to creation of a suitable micro-structure.
The lack of a nanoscale structure on the surface presented in previous investigation can
have detrimental effects on the hydrophobic levels[88, 90, 92]. This can decrease the
static contact angle as observed in several of the created micro-structures, especially
with long pulse duration such as 200 and 190 ns. A replacement for these type of
nanoscale structures with the nanosecond pulsed laser and their effects on the wetta-
bility properties of the titanium alloy will be addressed in Chapter 6.
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Super-hydrophobic surfaces are widely observed in nature, a combination of hierarchi-
cal structures, nano and micro scale surface structures are often identified on natural
super-hydrophobic surfaces such as the Lotus leaf. These structures are capable of cre-
ating the required pockets of air for a decreasing surface contact area between the liquid
droplet and the surface[69, 71, 72]. Creation of these types of surface structures is possi-
ble through laser surface texturing techniques with the use of ultra-short pulsed lasers,
working in the femto or picosecond regimes. The micro-scale surface structure can be
created through laser ablation of the material and the nano-scale structure through
the creation of Laser Induced Periodic Surface Structures (LIPSS)[88–91]. These are
ripple-like surface nano-structures induced by ultra-short pulsed lasers as described in
Chapter 3.
The use of these types of laser can be beneficial for a cleaner and more accurate cre-
ation of microstructures due the to cold ablation process. However, the creation of the
micro-surface structures required for a super-hydrophobic behaviour is commonly a
slow process using femto and picosecond pulsed lasers due to limitations in the amount
of removed material per pulse[145, 146]. Usually requiring a multi-pulse ablation pro-
cess to achieve the appropriate features size increasing the required processing time.
David Rico Sierra 133 PhD. Thesis
6. Hierarchical surface structures
This creates a potential advantage for a nanosecond pulsed laser over ultra-short pulsed
lasers for manufacturing surface microstructures. However, there is a limitation for the
creation of nanoscale surface structures and thus hierarchical surface structures (nano
and micro scale) with a nanosecond pulsed laser[140].
This chapter presents a hierarchical structure created through the use of two types of
lasers, a nanosecond pulsed laser for the rapid creation of microstructures and a picosec-
ond pulsed laser for inducing nanoscale surface structures (LIPSS). The influence of
this type of hierarchical surface structure on the wettability properties of Ti-6Al-4V is
analysed and an alternative structure is proposed for the creation of super-hydrophobic
surfaces using only a nanosecond pulsed fibre laser.
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6.2 Scanning technique for hierarchical surface structures
In order to generate the required hierarchical surface structure, a nanosecond pulsed
fibre laser (SPI G4) is used for the creation of the microstructure on Ti-6Al-4V and
followed by a nanoscale structure on top of this surface with a picosecond pulsed laser.
The two scanning techniques used are presented in the next sections.
6.2.1 Scanning technique for the nanosecond pulsed laser
The scanning technique used for the creation of the microstructure surface follows the
approach described in Chapter 5 ”Improved scanning technique” section as shown
in Figure 6.1 below.
Figure 6.1: Scanning technique schematic for creation of microstructure on Ti-6Al-4V
surface with a nanosecond pulsed laser
Samples were processed with a low percentage Pulse Overlap (P.O.) between the the-
oretical spot size (Dmin), a suitable Hatch Distance (H.D.) in order to have a similar
pulse overlap on horizontal and vertical direction. Finally, the surface was processed
10 times (10 overscans) in order to follow the exact same approach for a micro-pillar
surface structure as described in Chapter 5. A pulse duration of 130 ns was chosen for
the ablation of polished Ti-6Al-4V with the parameters presented in Table 6.1. These
parameters were found to produce the best results on static contact angle and contact
angle hysteresis in Chapter 5 of this thesis.
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Table 6.1: Laser processing parameters for Ti-6Al-4V surface texturing for the creation of
microstructure with a nanosecond pulsed fibre laser
Laser parameter Value
Laser fluence, [J/cm2] 6.71
Repetition frequency, [kHz] 33
Pulse duration, [ns] 130
Scan speed, [mm/s] 1,188
Hatch distance, [H.D. (µm)] 36
Pulse overlap, [P.O. (%)] 23.37
Surface overscan 10
After the nanosecond laser processing of polished Ti-6Al-4V the sample was processed
on the picosecond pulsed laser for the generation of a nanostructure surface on top of
the created micro-stucture.
6.2.2 Scanning technique picosecond pulsed laser
For the creation of the nano-structure the High-Q picosecond pulse laser described in
Chapter 3 was used with a similar scanning technique as presented in Figure 6.1. In
this case a high pulse overlap was required in order to fully cover the surface with a
nano-structure.
A similar procedure was employed for sample preparation for the picosecond laser.
The structured Ti-6Al-4V was placed at the focal plane of the galvo-scanning system
with a theoretical Dmin ≈ 25 µm calculated with the equation previously used for the
theoretical spot calculation presented in Chapter 4.
Parameters used for the creation of Laser Induced Periodic Surface Structures are pre-
sented in Figure 6.2 and Table 6.2.
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Table 6.2: Laser processing parameters for Ti-6Al-4V Laser Induced Periodic Surface
Structures (LIPSS), with High-Q picosecond pulsed laser.
Laser parameter Value
Laser fluence, [J/cm2] 0.20
Repetition frequency, [kHz] 10
Pulse duration, [ps] 10
Scan speed, [mm/s] 20
Hatch distance, [H.D. (µm)] 10
Pulse overlap, [P.O. (%)] 92
Figure 6.2: Scanning technique schematic for generating Laser Induced Periodic Surface
Structure (LIPSS) or nano-structures surfaces on top of micro-structured Ti-6Al-4V with a
picosecond pulsed laser
The scanning technique for the creation of LIPSS only requires a single scan of the sur-
face texture. Samples were placed in the electric oven (MEMMERT SM 100) after the
dual laser surface texturing for 20 hours thermal process at a pre-heated temperature
of 200 ◦C to stabilise the oxide formation as discussed in Chapter 5.
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6.3 Experimental results hierarchical surface structure
6.3.1 Surface topography
The surface texturing of the Ti-6Al-4V polished sample was analysed using the white
light interferometer (WYKO) in order to assess and compare the differences between a
micro-structured surface and the hierarchical surface structure (nano and micro scale
surface texture). Figure 6.3 shows both of the created surfaces.
Figure 6.3: Laser textured surfaces on Ti-6Al-4V, a) Microstructure with nanosecond
pulsed laser 6.71 J/cm2 fluence, 130 ns pulse duration, 30 kHz of pulse frequency, b) Hi-
erarchical surface structure created with nanosecond pulsed laser at 6.71 J/cm2 fluence and
picosecond laser with 0.20 J/cm2 laser fluence, 10 ps pulse duration, 10 kHz pulse frequency.
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As observed in Figure 6.3 a more defined micro-pillar structure can be seen in the
hierarchical surface. This is likely due to the LIPSS formation of the surface allowing
a better light reflection for the white light interferometer(WYKO) analysis. However,
the most important difference between the two structures is the creation of a nanoscale
surface shown in Figure 6.4 below.
Figure 6.4: SEM images of laser textured surfaces on Ti-6Al-4V, a) Micro-structure with
nanosecond pulsed laser 6.71 J/cm2 fluence, 130 ns pulse duration, 30 kHz of pulse frequency,
b) Hierarchical surface structure created with nanosecond pulsed laser at 6.71 J/cm2 fluence
and picosecond laser with 0.20 J/cm2 laser fluence, 10 ps pulse duration, 10 kHz pulse fre-
quency, c) Ablated crater centre without nanoscale features, d) Nanoscale structure created
inside the ablated crater.
Figure 6.4 shows how the micro-structure is fully covered with laser induced peri-
odic surface structures (LIPSS) created by the picosecond laser without modifying the
fundamental characteristics of the micro-pillars. As can be observed, the centre of
the nanosecond ablated craters of the micro-structure appear to be smooth and pol-
ished(Figure 6.4 (a)). In comparison, the surface structure processed with both laser
systems (nano and picosecond laser) displays a clear nanostructure at the centre of the
ablated craters and across all the features of the surface (Figure 6.4 (b) and (d)).
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The use of the picosecond laser to induce LIPSS on the surface micro-structure created
with the nanosecond laser only modifies the surface with nanoscale features without
modifying the fundamental micro-pillar structure. In order to achieve this the Epulse
used by the picosecond laser needs to be kept as low as possible to avoid significant
ablation of the material and thus modifying the created micro-pillar structure.
The nanoscale features created on the surface have a vertical orientation in comparison
with the scanning direction of the laser system due to the induced polarisation of the
Spatial Light Modulator (SLM) described in Chapter 3. The orientation and nanoscale
features can be observed in figure 6.5 below.
Figure 6.5: SEM image of Induced Laser Periodic Surface Structure (LIPSS) created on
polished Ti-6Al-4V using a picosecond laser with 0.20 J/cm2 fluence and 10 kHz.
Figure 6.5 shows the nanoscale surface structure induced on polished Ti-6Al-4V with
a periodicity of approximately 1 µm. The separation between the nano-structures is
defined by the wavelength of the laser source, 1064 nm in the case of the High-Q Pi-
cosecond laser described in Chapter 3. One of the theories behind the generation of
these type of nano-structures is the laser beam interaction with the electromagnetic
wave of the surface [50, 134].
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In order to verify the created nano-structures and any impact on the micro-structure,
a comparison between the features was performed with the white light interferometer
(WYKO) and presented in Figure 6.6 below.
Figure 6.6: SEM images and 3D surface interpretation of micro-pillar structure created
with nanosecond and picosecond pulsed laser a) SEM image of surface micro-structure with
nanosecond pulsed laser processing, b) SEM image of hierarchical surface structure created
with nanosecond and picosecond pulsed laser, c) 3D representation of micro-pillar surface
created.
Figure 6.6 shows the two types of surface structures, a purely micro-structure surface
(a) and the hierarchical structure (b). Measurements of the main characteristics of
both surfaces are displayed in Table 6.3 below for comparison.
Table 6.3: Surface measurements of the micro-pillar surface structure created with the
nanosecond pulsed laser and the hierarchical micro-structure processed with the nanosecond
and picosecond pulsed laser systems.
Surface Structure Peak to Valley (µm) Average Roughness Ra (µm)
Micro-pillars 42.46 ± 0.98 6.67 ± 0.09
Hierarchical structure 41.68 ± 1.08 7.39 ± 0.15
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Table 6.3 shows how the basic micro-pillar structure presents only a small change in
the distance between the deepest part of the surface and the top of the micro-pillar
(Peak to Valley) of less than 1 µm from measurements taken through the white light
interferometer(WYKO).
A more significant difference between the average roughness measurements (Ra) can be
observed between the two types of surface structures. This measurement was increased
by 0.72 µm for the hierarchical structure compared with the purely micro-pillar struc-
ture. This is due to the induced nano roughness across the entire surface structure.
The creation of the laser induced periodic surface structure (LIPSS) is particularly no-
ticeable in the centre of the ablated craters as observed in Figure 6.4 (c) and (d), this
has the effect of increasing the average roughness (Ra) across the surface modifying a
seemingly polished ablated crater to a surface with a visible roughness.
The creation of these type of structures has been widely observed on natural surfaces
increasing the ability to repel water. The hierarchical surface structures reduce the
surface energy, decreasing the ability of a liquid to adhere to the surface and allowing
the creation of the necessary pockets of air between the surface and the droplet creating
a super-hydrophobic surface. These effects will be presented in the next section with
the measurement comparison between the two types of surface for their wettability
properties[72, 74, 76].
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6.3.2 Contact angle
The static contact angle of the samples was measured in order to compare the difference
in the wettability properties between the two types of surface structures. Figure 6.7
shows the contact angle measurements for both types of structures, each data point
represents the average of three different measurements in the centre of the surface
structure.
Figure 6.7: Static contact angle of surface structures created with improved scanning
technique and laser induced periodic surface structures produced by the picosecond pulsed laser
with Thermal Post-processing (T.P.) and with No Thermal Post-processing (No
T.P.), a) Static contact angle of micro-structured surface with nanosecond pulsed laser and
6.71 J/cm2, b) Static contact angle of hierarchical surface structure processed with nanosecond
and picosecond pulsed laser
Figure 6.7 shows how the static contact angle of the hierarchical surface structure (b)
is slightly improved compared with the micro-pillar structure. Static contact angle
stability over time is similar for samples processed with thermal post-processing. In
comparison, samples with no thermal post-processing show a typical behaviour for
laser surface structures, starting with a hydrophilic behaviour for the first few days
and slowly improving over time. However, the hierarchical surface structure (Figure
6.7 (b)) with no thermal post-processing displays a clear improvement of wettability
behaviour in comparison with the micro-structure processed with only a nanosecond
pulsed laser and without thermal post-processing (Figure 6.7 (a)).
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Static contact angle measurements showed a similar behaviour between the two types
of surface structures with thermal post-processing. Hierarchical surface structure cre-
ated with both laser systems showed a slight improvement in the static contact angle
measurements, however the big difference between both samples is shown on Contact
Angle Hysteresis (CAH) and Sliding Angle (SA) measurements as shown in Table 6.4
below.
Table 6.4: Static contact angle measurements after 31 days on Ti-6Al-4V surface structured
with nanosecond pulsed laser and picosecond pulsed laser
Surface Structure
Measurements
Static CA CAH Sliding angle
Micro-pillars 157.90◦ ± 1.81 10.34◦ ± 2.12 12.20◦ ± 1.80
Hierarchical
structure
167.60◦ ± 1.21 5.18◦ ± 2.1 8.20◦ ± 1.50
As observed in Table 6.4 a clear improvement of the super-hydrophobicity behaviour
is achieved with the hierarchical surface structure. The reduction on contact angle
hysteresis (CAH) and sliding angle (SA) displays an improvement over the surface
structure created with only the nanosecond pulsed laser as both of the measurement
exhibit super-hydrophobic levels(< 10◦).
Inducing a nanoscale structure on top of the created micro-structure reduces the surface
energy of the material, increasing the hydrophobicity of the structure. These nanoscale
features are especially important in the centre of the ablated craters in order to increase
the surface roughness ensuring the liquid is unable to adhere to the surface creating a
more reliable water hydrophobic behaviour. These types of surface structures have been
widely explored with ultra-short pulsed lasers looking to emulate hydrophobic surfaces
found in nature such as the Lotus flower[74, 92, 140]. This work is demonstrating
that these structures can be made with nanosecond and picosecond lasers to improve
throughput and surface stability.
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6.3.3 Surface chemistry of hierarchical surface structure
In order to compare the effects of the two types of surface structures on the chemical
composition of the Ti-6Al-4V a XPS analysis was carried out. Six different sam-
ples were analysed under the same conditions as presented in Chapter 5 through the
Axis-Supra instrument. Three different surface structures were analysed, purely nano-
structured surface (LIPSS), purely micro-structured surface (micro-pillars) and com-
bination of both surface structures (LIPSS on top of micro-pillars). For each one of
these type of surface structures two samples were analysed, with and without thermal
post-processing for a correct comparison. The goal of the analysis was to obtain atomic
concentrations of elements on the surface and presented in Figure 6.8 below.
Figure 6.8: Atomic % concentration of Oxygen (O 1s (Blue)), Carbon (C 1s (Orange))
and Titanium (Ti 2p (Yellow)), on Ti-6Al-4V surface with different structures one day after
laser surface processing, a) Sample without thermal post-processing, b) Sample with thermal
post-processing. Both samples were analysed 1 day after the laser surface texturing process.
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Figure 6.8 shows the main difference between samples with and without thermal post-
processing. A decrease in the carbon concentration (C 1s) is observed in all of the four
different surface structures with thermal post-processing.
In comparison the amount of Oxygen (O 1s) is increased with the thermal process on
all the surface structures. The amount of Titanium (Ti 2p) on the surface is relatively
similar between the two sets of samples with the exception of the polished surface,
where the amount of Ti 2p has increased with thermal post-processing. This could be
due to the amount of carbon (C 1s) presented on the surface of the sample with no
thermal-process, indicating a higher amount of ambient contaminants present on the
surface, affecting the element characterisation.
Figure 6.8(a) describes the atomic concentration % of samples with no thermal post-
process. The main trend that can be observed is the increase in Oxygen (O 1s) with
all the laser surface texturing processes compared with the polished sample. This is
as expected as the thermal component of the laser beam during laser processing in
air affects the surface and thus oxidising the material. However, the amount of car-
bon concentration (C 1s) decreases in different ratios depending of the type of surface
structure. The combination of micro-pillar and LIPSS have the lowest concentration
of carbon perhaps due to the two laser surface process removing surface contamination
more effectively. The inverse trend is observed for the concentration of oxygen (O
1s) where the highest accumulation is observed for the hierarchical surface structure
induced by the two laser surface texturing processes.
The XPS analysis of the samples with thermal post-processing (Figure 6.8 (b)) show
a similar trend for surface oxidation as described in Chapter 5. The amount of car-
bon (C 1s) decreases and the oxygen concentration increases (O 1s) for all the surface
structures with thermal post-processing compared with the samples without this post-
process.
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A similar trend as with the samples with no thermal post-processing is observed in
the carbon and oxygen concentrations (C 1s and O 1s) with the different surface tex-
tures. Carbon concentration decreases with the number of surface texturing processes.
The highest amount of carbon concentration is observed on the surface with nanoscale
structure (LIPSS) and decreases as with the hierarchical surface structure (micro-pillar
and LIPSS).
However, there is a big difference on the polished surface where the carbon concentra-
tion is significantly reduced compared with all the other surfaces (with thermal and
without thermal post-processing). This is likely attributed to a decrease in surface
contamination due to the thermal treatment and the lack of surface structure.
As can be observed from the XPS analysis, change in surface chemistry can play a fun-
damental role in the wettability properties of Ti-6Al-4V, however, the presence of an
oxide layer alone on the titanium alloy does not create a super-hydrophobic surface. A
combination of surface structure (micro, or hierarchical structure) with the oxide layer
is required for a super-hydrophobic behaviour of the surface. This can be observed with
the oxygen and carbon concentrations (O 1s and C 1s) compared between the polished
sample with thermal post-processing and the hierarchical structure (Micro-structure +
LIPSS) and it has been suggested in recent investigations[140]. The hierarchical struc-
ture with thermal post-processing presents a super-hydrophobic behaviour compared
with the normal wettability behaviour presented on the polished surface as shown in
Figures 6.9 and 6.10 below.
Figure 6.9: Static contact angle of Ti-6Al-4V samples with no thermal post-processing
one day after laser surface texturing and different surface textures, a) Polished sample, b)
Laser induced periodic surface texture (LIPSS), c) Micro-pillar structure and d) Hierarchical
surface structure.
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Figure 6.10: Static contact angle of Ti-6Al-4V samples with thermal post-processing
one day after laser surface texturing and different surface textures, a) Polished sample, b)
Laser induced periodic surface texture (LIPSS), c) Micro-pillar structure and d) Hierarchical
surface structure.
Figures 6.9 and 6.10 shows how the static contact depends on the combination of
surface structure and oxidation state of the material one day after the laser surface
texturing process. Samples with no thermal post-processing follow the same effects
discussed in Chapter 5 with a decrease in the static contact angle after laser surface
texturing and slowly improving over time (Figure 6.9).
In comparison, samples with a micro-pillar and hierarchical surface structures and ther-
mal post-processing clearly display a super-hydrophobic behaviour on the first day as
can be observed in Figure 6.10 (c) and (d). This is not the case for the polished material
and the laser induced periodic surface structure (LIPSS). These two samples show a low
static contact angle nowhere near the super-hydrophobic regime(Figure 6.10 a) and b)).
Static contact angle measurements show an improvement in the wettability propiertes
of hierarchically surface structured Ti-6Al-4V in comparison with the micro-pillar struc-
ture both of them with thermal post-processing as shown in Figure 6.7. The improve-
ment is not only observed on the static contact angle measurements but also on the
sliding angle (SA) and contact angle hysteresis (CAH) compared on Table 6.4. It is
clear that the hierarchically surface structure provides benefits for the development of
super-hydrophobic surfaces, however, in order to create this hierarchical surface struc-
ture two laser systems were used. The use of the picosecond laser system limits the
capacity and increases the equipment complexity required for the production of this
type of surfaces.
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Laser induced periodic surface structures (LIPSS) are typically created with ultra-short
pulsed lasers only[47, 50], however, an alternative for these type of surface features is
explored in the next section for improving the wettability properties of Ti-6Al-4V using
only the nanosecond pulsed laser.
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6.4 Alternative enhanced single laser technique for the gen-
eration of hierarchical surface structures
The creation of hierarchical surface structures for the improvement of the wettablity
properties of Ti-6Al-4V was explored in the previous section, displaying an enhance-
ment on the contact angle hysteresis (CAH) and sliding angle (SA) for a stable super-
hydrophobic behaviour of the surface. However this required the use of two different
laser systems increasing the time and needed equipment. In order to avoid this, an
alternative scanning technique for the creation of micro-pillar surface structure using
only the nanosecond laser is proposed in this section. This scanning technique is based
on the preliminary scanning technique presented in Chapter 5 and shown in Figure
6.12 below.
Figure 6.11: Alternative scanning technique for the creation of micro-pillar structure with
nanosecond pulsed laser.
Figure 6.11 shows the scanning technique for generating a hierarchical type surface
structure with the nanosecond pulsed laser on as-received Ti-6Al-4V in order to com-
pare the processing capabilities of the laser system.
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The aim of the alternative enhanced scanning technique is to generate a micro-pillar
shaped surface structure with surface roughness in the centre area between the micro-
pillars. The main goal is to emulate the surface roughness induced by the Laser Induced
Periodic Surface Structures(LIPSS) produced by the picosecond laser in the previous
section and improve the wettability behaviour of the material surface. For this, the
scanning technique relies on a high Pulse Overlap (P.O.) for the creation of a grid based
surface structure with the parameters presented in Table 6.5.
Table 6.5: Laser processing parameters for as-received Ti-6Al-4V surface texturing for
square-shaped scanning technique
Laser parameter Value
Laser fluence, [J/cm2] 5.10 - 7.94
Repetition frequency, [kHz] 25 - 65
Pulse duration, [ns] 65 - 200
Scan speed, [mm/s] 100 - 260
Hatch Distance, [H.D. (µm)] 50
Pulse Overlap, [P.O. (%)] 91.95
Table 6.5 show the range of parameters used for laser surface texturing of a square-grid
based technique. The range in laser fluence follows the calculated values for an ablated
crater ≈ Dmin. Pulse repetition frequency selection is according to the operation pa-
rameters of the SPI G4 fibre laser for different pulse durations. Finally the scanning
speed is calculated in order to maintain the Pulse Overlap (P.O.) according to the pulse
repetition frequency. It was decided to use as-received, unpolished material for this
study to demonstrate industrial applicability with the nanosecond pulsed fibre laser.
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Figure 6.12: Calculated laser fluence for an ablated crater ≈ Dmin with different pulse
durations.
Figure 6.12 shows how the required laser fluence for an ablated crater ≈ Dmin increases
as the pulse duration increases as shown in Chapter 4, according to the temporal shape
of the SPI G4 pulse. The use of this level of laser fluence is in order to create an ablated
crater with a near-circular shape, thus maintaining the shape of the ablated channel
in both directions (horizontal and vertical).
A thermal post-process has been applied directly after the laser surface texturing pro-
cess. The samples were placed in an electrical oven (MEMMERT SM 100) for 20 hours
at a pre-heated temperature of 200 ◦C.
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6.5 Experimental results for enhanced single laser generation
of hierarchical surface structures
6.5.1 Surface topography
Created micro-structures through laser surface texturing ablation were analysed using
the white light interferometer (WYKO) to characterise the created features. In this
case only the nanosecond pulsed laser has been used. Figure 6.13 displays an example
of the created surface below.
Figure 6.13: Laser textured surfaces on unpolished as-received Ti-6Al-4V, the micro-
structure is created with nanosecond pulsed laser 7.09 J/cm2 fluence, 130 ns pulse duration,
30 kHz of pulse frequency, 132 mm/s of scanning speed.
Figure 6.13 shows the surface micro-structure created with a pulse duration of 130
ns. It can be seen that a micro-pillar topography has been generated as before. How-
ever, horizontal micro-channels can now be observed on the surface compared to the
results in Figure 6.3. This is due to the revised scanning technique and the amount of
molten material accumulation in the first step of laser surface texturing. As described
in Figure 6.11, the first step in the scanning technique is to created horizontal lines
of ablation, this produces molten material accumulation on the edges parallel to the
scanning direction.
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The second step in the scanning technique creates vertical ablated lines on top of the
first created surface structure, thus re-scanning the molten material deposited on the
edges of the first micro-structure with the ultimate goal of generating more surface
roughness at the right scale.
The main objective of this scanning technique is to mimic the nano-structures created
through laser induced periodic surface structures (LIPSS) using the High-Q picosec-
ond laser presented earlier. For this, a high pulse overlap for the ablated channel is
required in order to leave molten material behind in each one of the ablated craters.
Thus, creating a micro-structure inside of the valleys between the micro-pillars.
For the creation of these types of micro-structures a sensible spot separation is required
in order to allow the molten material deposition between the ablated craters. For this
technique a constant spot separation of 4 µm was selected in order to allow this molten
material deposition. These features can be observed in Figure 6.14.
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Figure 6.14: SEM images of laser textured surfaces on unpolished as-received Ti-6Al-
4V, with proposed scanning technique, a) 7.94 J/cm2 fluence, 25 kHz pulse repetition and 200
ns pulse duration, b) 7.09 J/cm2 fluence, 33 kHz pulse repetition and 130 ns pulse duration,
c) 5.10 J/cm2 fluence, 65 kHz pulse repetition and 65 ns pulse duration.
Figure 6.14 shows the created micro-structures with three different pulse durations, 200
(a), 130 (b) and 65 (c) ns. As can be observed all the surface micro-strucutres show
the additional structure between the micro-pillars. However, the quality and shape of
the micro-pillars has been affected with the longer pulse duration (200 ns) due to the
amount of molten material deposited by each of the pulses.
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The amount of molten material produced by a single pulse increases with longer pulse
durations as demonstrated in Chapter 4. The pulse duration has an effect on the
amount of material removed by ablation as well as the amount of molten material de-
posited on the surface by the thermal component of the nanosecond laser system. This
has effects on the characteristics of the created surfaces as shown in Figure 6.15 below.
Figure 6.15: Average Roughness (Ra) and Peak to Valley measurements for surface mi-
crostructures created with scanning technique for replacement of hierarchical surface structure
with different pulse durations and a calculated fluence to give an ablated crater size ≈ Dmin.
Figure 6.15 shows the average roughness (Ra) and peak to valley measured in three
areas of the generated micro-pillar structure. It can be observed that the average
roughness (Ra) increases as the pulse duration increases due to the amount of material
removed. However, a slight decrease can be observed with pulse durations above 160
ns for both average roughness and peak to valley distance. This is likely due to the
increase of molten material deposition with longer pulse durations and the way this
material has deposited on top of the surface. Figure 6.14 (a) shows how the molten
material appears to have been trapped inside of the created microstructure. These
type of effects were observed in Chapter 4 of this thesis.
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Despite the effects of molten material deposition with long pulse durations, the surface
still remains in a micro-pillar like structure with the additional structures in-between,
induced by the molten material deposition itself.
6.5.2 Contact angle
Static contact angle measurements were obtained with the use of the DropShape anal-
ysis system for each one of the created micro-structures with different pulse durations
in order to characterise the wettability modifications capabilities on unpolished as-
received Ti-6Al-4V. These are presented in Figure 6.16 showing the static contact
angle measurements over 31 days for the surface micro-structures created with differ-
ent pulse durations and calculated fluence to give an ablated crater ≈ Dmin.
It can be seen that the use of this scanning technique on as-received Ti-6Al-4V has
shown a significant improvement on the static contact angle for the micro-structures
created with different pulse durations. All the surfaces displayed a contact angle supe-
rior to 150 ◦ on day one after laser processing and subsequent thermal post-processing.
A good stabilisation of the static contact angle over time was also achieved maintain-
ing similar level from day one until day 31, indicating that a stable hydrophobicity has
been achieved in the structured surface. However, samples with longer pulse durations
(180 to 200 ns) showed a slight increased variability for the static contact angle mea-
surements over time. This is likely due to the shape of the surface structure and the
high amount of molten material deposited on the surface creating an uneven pattern
on the micro-pillars shape as shown in Figure 6.14.
It is important to mention that all of the samples displayed a static contact angle of
around 160 ◦. This is clearly in the hydrophobic regime of the surface, however, mea-
surements of contact angle hysteresis (CAH) and sliding angle (Figure 6.17) demon-
strated that even when the static contact angle is in the super-hydrophobic regime, the
liquid droplet cannot be easily removed from the surface by tilting of the sample.
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Figure 6.16: Static contact angle measurements for surface micro-structures created with
scanning technique for replacement of hierarchical surface structure with different pulse dura-
tions and calculated fluence for ablated crater size ≈ Dmin., a) 180 to 200 ns pulse duration,
b) 150 to 170 ns pulse duration, c) 120 to 140 ns pulse duration, d) 90 to 110 ns pulse
duration, and e) 65 to 80 ns pulse duration.
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Figure 6.17: a) Static Contact Angle measured at day number 31 for surface micro-
structures created with scanning technique for replacement of hierarchical surface structure
with different pulse durations and calculated fluence for ablated crater size ≈ Dmin., b)
Contact angle hysteresis (CAH) and Sliding Angle (SA) measured using tilting method for
the characterisation of the hydrophobicity of created micro-structures with different pulse
durations at day number 31. The dotted line indicates the required angle for super-hydrophobic
behaviour.
As can be observed from Figures 6.16 and 6.17(a), a high static contact angle does not
necessary mean a super-hydrophobic state of the surface. Figure 6.17(b) shows how
the sliding angle(SA) and contact angle hysteresis(CAH) are closely related to each
other.
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A small contact angle hysteresis(CAH) means that the interaction between the liquid
droplet and the surface follows the Cassie-Baxter model where the liquid only touches
the micro-pillars on the surface creating pockets air within the rest of the surface struc-
ture, thus reducing the sliding angle(SA).
However with a high sliding angle the liquid droplet is likely touching the inside of the
valleys of the created micro-structure, however due to the micro-dimples created inside
of these valleys, the static contact angle is still above 150 ◦ and the liquid droplet is
able to be removed with high angle of tilt.
Small sliding angle(SA) and contact angle hysteresis (CAH), below 10◦, creates a highly
super-hydrophobic surface capable of repelling the liquid droplet at small tilt angles,
as observed in Figure 6.18 below.
Figure 6.18: Super-hydrophobic effect of micro-structure created with alternative enhanced
single laser technique with 170 ns pulse duration, 7.62 J/cm2 fluence for ablated crater size
≈ Dmin, 28 kHz pulse repetition frequency and 112 mm/s of scanning speed.
The implementation of the alternative enhanced single laser technique has proven capa-
ble of producing super-hydrophobic surfaces with a wide range of pulse durations. With
this technique the use of ultra-short pulsed lasers for the creation of super-hydrophobic
surfaces on titanium alloy can be replaced with a robust state of the art nanosecond
pulsed fibre laser.
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6.6 Summary
The use of two laser systems in order to create a hierarchical surface structure has shown
important potential benefits for the creation of stable super-hydrophobic surfaces on
Ti-6Al-4V. The first study showed how a micro-structure created with a nanosecond
pulsed laser can be modified with a secondary laser processing step using a picosecond
pulsed laser for the creation of nano-structures on top. These nano-structures (LIPSS)
have shown to be beneficial for the contact angle development and the increased hy-
drophobicity of the hierarchical structure created.
XPS analysis of the samples revealed a modification in the surface chemical composition
due to the secondary laser processing. Carbon content (C 1s) is diminished with this
secondary laser processing as the Oxygen content (O 1s) is increased, likely increasing
the oxidation elements on the surface of the material and thus the hydrophobicity of
the created hierarchical surface structure.
However, the use of both laser systems increases the complexity and cost of opera-
tion for the creation of such surfaces. Picosecond pulsed lasers tend to be used for
research environments due to the high equipment complexity and reduced manufactur-
ing throughput as described in this chapter.
In order to avoid the use of two laser systems, a scanning technique was proposed for
the creation of a similar surface structure with the use of only the nanosecond pulsed
fibre laser, making use of the thermal component and molten material deposition for
mimicking a hierarchical surface structure.
The use of this alternative enhanced scanning technique showed excellent results on the
static contact angle measurements for surface structures created within a pulse dura-
tion range between 65 and 200 ns. Ablated crater size estimations and pulse duration
was taken into account for the parameters selection and the creation of such surfaces.
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Capabilities for creating super-hydrophobic surfaces with different pulse durations was
also explored. The use of this alternative single laser scanning technique to replace
the hierarchical surface structure did show benefits for the static contact angle but to
limitations on the structure itself due to the molten material accumulation, especially
with longer laser pulses (above 180 ns).
Capabilities for creating stable super-hydrophobic surfaces with the use of a robust
state of the art nanosecond pulsed fibre laser has been demonstrated for the manufac-
turing of such surfaces even on unpolished as-received substrates.




7.1 Chapter 4 Nanosecond pulsed laser ablation of Ti-6Al-4V
Chapter 4 presented the analysis of single pulse ablated craters on Ti-6Al-4V using
the nanosecond pulsed fibre laser with different pulse durations and EPulse. The ab-
lation threshold for pulse duration between 65 and 200 ns on polished and unpolished
as-received titanium alloy(Ti-6Al-4V) was carried out in order to identify the required
EPulse for removing material from the surface through the ablation process. The cal-
culated values of the ablation threshold with a single pulse ablation were calculated
within a ranges shown in table 7.1 below.
Table 7.1: Static contact angle measurements after 31 days on Ti-6Al-4V surface structured
with nanosecond pulsed laser and picosecond pulsed laser
Material
Required Peak Fluence for ablation
65 ns 200 ns
Polished Ti-6Al-4V 5.34 ± 0.05 J/cm2 10.25 ± 0.09 J/cm2
As-received Ti-6Al-4V 4.53 ± 0.06 J/cm2 10.42 ± 0.15 J/cm2
Table 7.1 shows minimum laser peak fluence required ablation initiation of the mate-
rial. These values serves as the basis for the energy selection for laser surface texturing
with the SPI G4 system with different pulse durations.
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At the same time, the calculation the ablation tendencies serves as guidance for pre-
dicting the ablated crater size with a given EPulse. Several previous investigations have
used the same calculation method for the ablation threshold and therefore providing
reliable results for the ablated crater sizes[39, 46, 145–147]. As can be seen from the
values presented in Table 7.1, the ablation threshold is reduced as the pulse duration is
reduced, this is likely due to the temporal shape characteristics of the SPI G4 system,
as discussed in Chapter 4 section 4.3.1 of this thesis.
After the ablation threshold calculation, the surface topography analysis of single pulse
ablation was carried out in order to characterise the amount of material removed with
pulse durations in the range of 65 to 200 ns. Through this analysis a window of depth
of ablation per single pulse of 0.84± 0.11µm for 65 ns pulse duration to 1.79± 0.07µm
for 200 ns pulse duration is defined when EPulse is calculated for an ablated crater size
≈ Dmin. A similar behaviour as the ablation threshold is observed in the measure-
ments of depth of ablation per single pulse. The ablated depth is reduced as the pulse
duration is reduced, this is due to the same effect of the pulse temporal shape as a
fast ascending and descending peak of the power followed by a long low-power tail of
longer pulse durations, between 100 and 200 ns, is beneficial for an increased material
removal as proposed by Ali Gokhan Demir et al (2015)[127].
Multi-pulse ablated craters are measured in order to verify the capabilities of the system
to create craters in increased depth of ablation through this method. Measurements of
the ablated depth with multiple pulses indicated that the depth of ablation per pulse
remains virtually the same from 1 to 32 pulses. This is an advantage in comparison
with multi-pulse ablation depth reached with ultra-short pulsed lasers, as observed by
B. Zheng et al(2014) where a depth of ablation on Ti-6Al-4V of ≈ 25 µm is achieved
with 2000 pulses by a ultra-short picosecond laser[146]. In comparison the same depth
of ablation is achieved with just 16 pulses with the SPI G4 system using a EPulse cal-
culated for a crater size ≈ Dmin and 140 ns of pulse duration.
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However, the increase in the number of pulses for a single spot ablation increases the
amount of molten material deposited on the surface. This increase follows the same
behaviour than the ablation threshold and depth of ablation per pulse and it can be
explained by same previous reason, the temporal shape of the pulse. As presented on
Chapter 2 section 2.3.1 ”Laser ablation”, the ablation with pulsed lasers working in the
nanosecond regime induce a thermal component in the surface of the material. This
effect is likely magnified by long low-power tail of the temporal shape with long pulse
durations(between 100 and 200 ns).This effect explains the increase on molten material
deposition with long pulse durations as observed in Figure 7.1.
Figure 7.1: 3D representation and SEM image of ablated crater and molten material with
a single pulse of the nanosecond pulsed laser on polished Ti-6Al-4VLaser textured surfaces on
Ti-6Al-4V, a) 200 ns pulse duration EPulse ≈ 148µJ , b) 65 ns pulse duration EPulse ≈ 113µJ .
Figure 7.1 highlights the effects of reducing the pulse duration of the SPI G4 system
in the ablation crater and molten material deposition as previously discussed. The
scrutiny of these effects will help for the correct analysis of the micro-structures cre-
ated in Chapters 5 and 6.
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7.2 Chapter 5 Surface structuring for wettability modification
The wettability behaviour exhibited by the preliminary scanning technique shows a
clear benefit with the thermal post-processing right after the laser surface texturing
process. Static contact angle of the samples with the thermal post-processing show
a clear improvement over the measurements taken of the samples with laser surface
texturing but no thermal post-processing. Previous investigation have demonstrated
that the wettability behaviour of a metallic surface processed with a laser changes over
time and it is attributed to the change in the oxidation state of the surface[89–93]. In
this case the use of the thermal post-processing increases the static contact angle since
the first day after the laser surface texturing.
However, the oxidation state of the surface is just one of the required parameters for
the creation of a super-hydrophobic state on a metallic surface. The second parameter
is an adequate surface micro-structure, for this the analysis of the preliminary scanning
technique shows a clear difference in static contact angle measurements with different
hatch distance(H.D.) as shown in Figure 7.2 below.
Figure 7.2: Hatch distance vs static contact angle values after 31 days for squared-grid
shaped nanosecond laser structured surface on Ti-6Al-4V, with thermal post-processing,
for six different laser fluence.
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Figure 7.2 shows the static contact angle measurements at day 31 after the laser surface
texturing and thermal post-processing. As can be observed from the graph, the laser
fluence and hatch distance(H.D.) have an effect on the wettability behaviour of the sur-
face. In this case the only surface structures capable of displaying a super-hydrophobic
behaviour(above 150◦), are the ones processed with 5.16 J/cm2 and 6.19 J/cm2 with
a H.D. of 50 µm. These two surfaces display a clearly defined micro-pillar like struc-
ture. This type of micro-structure has been observed in nature and proven beneficial
for the super-hydrophobic behaviour of a surface[73]. However, as the laser fluence
is increased above 6.19 J/cm2, the static contact angle is reduced again, this is due
to the increase on the ablated crater size as mentioned on Chapter 4 of this thesis as
the ablated crater size is increased above the H.D. and therefore having an impact of
the generation of suitable micro-pillars. Opposite effect is observed with a laser flu-
ence of 4.13 J/cm2 due to a calculated crater size of 37.53 ± 0.14 µm being ≈ 12 µm
inferior to the H.D. These effect are highlighted on Figure 5.6 in Chapter 5 of this thesis.
The increase in the H.D. above 50 µm has a detrimental effect on the wettability be-
haviour, this is due to the increase of untreated areas in the surface of the material and
the limited height of molten material features. This type of surface structure has been
previously observed to create super-hydrophobic surfaces, however, a molten material
height of ≈ 40µm for H.D. of => 100µm with virtually no ablated channel is developed
in the surface of stainless steel by Ngo C et al(2017) achieving static contact angles
> 160◦[120].
In comparison, the maximum molten material height achieved by the presented surfaces
reaches a maximum of 10.59±3.29µm and ablated channel width of 63.36±3.27µm on
Ti-6Al-4V, clearly limiting the capabilities to achieve a super-hydrophobic state of the
surface with this type of micro-structures according to Marmur(2004) who explains
how an increase on the surface features is required when the distance between such
features is increased for a super-hydrophobic effect[69].
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Due to these limitations, an improved laser scanning technique is presented for the
creation of micro-pillar like surface structures with a low Pulse Overlap (P.O.) and 10
overscans. The low pulse overlap is designed to provide small untreated areas between
the ablated craters for the creation of micro-pillars. This basically creates a surface
with two methods, ablation to remove material from the surface and molten material
deposition on the untreated surface areas for the creation of micro-pillars.
The creation of micro-pillar like surface structure is carried out with different pulse du-
rations in a range of 90 to 200 ns and 130 µJ of EPulse in order to compare the effects of
pulse duration on the created surface features and wettability behaviour. As shown in
Figure 5.20(a) in Chapter 5 of this thesis, most of the created surface micro-structures
display a static contact angle superior to 150◦ with the exception of surfaces created
with 200 and 190 ns of pulse duration. An analysis of the surface topography(Figure
7.3) shows a main difference on the micro-structure, with long pulse duration such as
190 ns the micro-structure created is similar to a micro-channel like structure(Figure
7.3a), different to the clear micro-pillar like surface structure(Figure 7.3b).
Figure 7.3: Laser textured surfaces on Ti-6Al-4V with 6.71 J/cm2 low pulse overlap, 10
overscans and different pulse duration, a) 190 ns pulse duration and b) 110 ns pulse duration.
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Figure 7.3 shows the main difference between the micro-channel like structure cre-
ated with 190 ns of pulse duration and the micro-pillar like structure with 110 ns
of pulse duration. Differences between the ablated crater size with the same laser
fluence(6.71 J/cm2) and different pulse durations can be observed in Figure 5.22 in
Chapter 5 of this thesis. This disparity partly explains the difference in surface struc-
tures as the H.D. and the distance between pulses remains constant(36 µm). The
quality mode of the SPI G4 laser (M2 = 1.83) helps to explain these effects due to
the elliptical shape tendency particularly with laser fluence < Dmin, which is the case
with 6.71 J/cm2 for the long pulse durations. Surface features became more adequate
as the pulse duration decreases due to the increase in the ablated crater size with
smaller pulse durations. However, the reduction of pulse duration has the detrimental
effect of reducing the depth of ablation per pulse from 1.36 ± 0.03 µm of for 200 ns to
0.86 ± 0.26 µm for a 90 ns of pulse duration.
Due to the reduction of ablated depth and the increase of ablated crater size per pulse
as the pulse duration is reduced, a balance between both can be found at surface struc-
tures created with 140 ns. This surface displays a static contact angle of ≈ 162◦ with
Contact Angle Hysteresis (CAH) of ≈ 6◦ and Sliding Angle (SA) of ≈ 8◦ effectively
presenting a super-hydrophobic behaviour. Similar micro-pillar like surface structures
have been investigated specially with ultra-shorty pulsed lasers reaching static contact
angles of 160◦ after 12 days with a femtosecond pulsed laser[90] and 151◦ after 4 days
with a picosecond laser[92]. It is important to notice that the static contact angle of
these investigations is reached without the use of a thermal post-processing.
The surface chemistry analysis shows that the use of a thermal post-processing is
beneficial for the stabilisation of the oxidation layer increasing the hydrophobic nature
of the surface due to higher accumulation of TiO2 in comparison with samples without
thermal post-processing. The increase and stabilisation of the oxides on the surface
has been proven to be beneficial for the hydrophobicity of metallic surfaces patterned
with laser surface texturing[90, 91, 120].
David Rico Sierra 169 PhD. Thesis
7. Discussion
7.3 Chapter 6 Hierarchical surface structures
Super-hydrophobic surfaces generally present a hierarchical surface structure(nano and
micro scale features). The creation of a hierarchical surface structure is produced with
the nanosecond pulsed fibre laser for the micro-pillar like structure and followed by
the picosecond laser processing to induce LIPSS(Laser Induced Periodic Surface Struc-
tures) on top of the micro-pillars. The addition of the nano-structure proves to be
beneficial for the wettability behaviour of the surface as shown in Table 6.4 in Chapter
6 of this thesis. Static contact angle is improved ≈ 10◦(from 157.90◦ to 167.60◦), and
values for contact angle hysteresis(CAH) and sliding angle(SA) are reduced ≈ 5◦ (from
10.34◦ to 5.18◦) with the addition of the LIPSS on top of the micro-pillar like structure
for samples with thermal post-processing after both laser surface texturing techniques.
Figure 7.4: SEM images of surface structures created with nanosecond and picosecond
pulsed laser a) SEM image of micro-pillar like surface micro-structure with nanosecond pulsed
laser, b) SEM image of hierarchical surface structure created with nanosecond and picosecond
pulsed laser.
Figure 7.4 (b) shows the hierarchical surface structure processed with both laser sys-
tems. As can be observed there is no difference in the micro pillars and the only
difference is the ripple-like surface observed in the hierarchical structure in comparison
with the lack of this effect observed in Figure 7.4 (a).
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The use of multiple lasers for inducing two types of surface structures on Ti-6Al-4V has
been recently observed in a previous investigation were a square-grid micro-structure is
created with a nanosecond pulsed laser and LIPSS are induced on top of this structure
with a femtosecond pulsed laser. The same effect is observed as the SCA is improved
from 150◦ for a purely micro-structure to 160◦ for the hierarchical surface structure
one month after laser processing[140].
Chemical analysis of the hierarchical surface structures presented in Chapter 6 shows
how the thermal post-processing is beneficial for the wettability behaviour due to the
oxidation state of the surface structure. The thermal post-processing increases the
amount Oxygen (O 1s) in the surface structure thus increasing the oxidation of the
material. The highest accumulation Oxygen (O 1s) accumulation is observed in the
hierarchical surface structure likely due to the two laser surface texturing processes to
which is subjected. This effect is corroborated by the results presented by Huerta D et
al(2019) were the increase in oxidation increases the static contact angle of the samples
with hierarchical surface structures[140].
With the improved results on wettability behaviour observed by the hierarchical struc-
tures particular interest is taken into the possibility to emulate the nanoscale fea-
tures(LIPSS) with the nanosecond pulsed fibre laser. A feature observed in the micro-
channels created with the squared-grid surface structures shown in Chapter 5 of this
thesis seems like an appropriate candidate for the emulation of LIPSS, as shown in
Figure 7.5.
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Figure 7.5: SEM image of ablated micro-channel with 4.13 J/cm2 and 65 ns of pulse
duration.
As can be observed in Figure 7.5 the high pulse overlap for the ablation of the micro
channel leaves a trail of micro-dimples in the ablated channel. This is due to the molten
material left behind by the thermal component of each pulse generated by the nanosec-
ond pulsed laser as previously discussed in Chapter 4 of this thesis. The generation of
these micro-dimples like features are taken into the consideration for the development
of an alternative scanning technique.
The alternative enhanced single laser technique is based on the square-grid technique
generated with high Pulse Overlap (P.O.) in order to create micro-dimples with a sep-
aration of ≈ 4 µm to enhance the surface roughness, particularly between the created
micro-pillars. In order to demonstrate the manufacturing capabilities this alterna-
tive technique is created on unpolished as-received Ti-6Al-4V. The calculated ablation
threshold values for as-received Ti-6Al-4V presented in Chapter 4 are used for the cal-
culation of the required EPulse for and ablated crater size ≈ Dmin in order to create a
near circular ablated crater.
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Figure 7.6: SEM images of laser textured surfaces with proposed scanning technique on
unpolished as-received Ti-6Al-4V with different laser fluence and pulse durations a) 7.94J/cm2
and 200 ns of pulse duration, b) 5.10 J/cm2 and 65 ns of pulse duration.
Figure 7.6 (a) shows features created with 200 ns pulse duration, as can be observed
the amount of molten material accumulated in the micro-pillars is noticeable due to the
long pulse duration and the effect of the temporal pulse shape of the SPI G4 system
with long pulses as discussed in detail in Chapter 4 of this thesis. Nonetheless, the
general micro-pillar like surface structure is still created and notable micro-dimples are
created between the micro-pillar features.
Figure 7.6 (b) displays the same scanning technique using a 65 ns pulse duration, as
the pulse duration decreases the amount of molten material and depth of ablation de-
creases and this is noticeable between 65 (b) and 200 ns (a). The main micro-pillar
surface structure remains the same, however, the features sizes are reduced due to the
reducing molten material with shorter pulse duration. As can be observed the distance
between the micro-dimples remains virtually the same, instead the thickness of such
features is reduced as the molten material left behind by each pulse is reduced. These
effects are fully measured in Figure 6.15 in Chapter 6 of this thesis.
Static contact angle measurements of the created samples with thermal post-processing
displayed a super-hydrophobic behaviour for all the pulse duration(65 to 200 ns), ex-
hibiting a clear improvement over the previous scanning technique(low Pulse Overlap)
for the creation of micro-pillars shown in Chapter 5 of this thesis.
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Figure 7.7: Static contact angle measurements comparison at day 31 for micro-pillar sur-
face structures created with two different scanning techniques, Blue series represents measure-
ments for Low Pulse Overlap technique and Red series represents measurements for Enhanced
Technique.
Figure 7.7 shows a static contact angle comparison between samples processed with the
technique discussed in the second part of Chapter 5 (Low Pulse Overlap) and the en-
hanced technique proposed for the micro-dimples production between the micro-pillars
features. As can be observed, the static contact angle is generally improved with the
micro-dimples between the micro-pillars features. Contact angle hysteresis (CAH) and
Sliding Angle (SA) are also as these values are decreased to values of ≈ 7◦ of SA and
≈ 3◦ of CAH for the surface structure processed with 130 ns of pulse duration and
7.09 J/cm2 of laser fluence.
Nonetheless, the creation of the surface structure with micro-dimples implies a higher
molten material accumulation within the whole surface. Due to this a more fine and
careful balance between the required laser fluence and pulse overlap should be investi-
gated to improve the development super-hydrophobic surfaces.
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Chapter 8
Conclusions and future work
8.1 Conclusions
This thesis carried out the surface structuring process of Ti-6Al-4V using a robust state
of art nanosecond pulsed fibre laser for the modification of the wettability properties.
Investigations into the effects induced on the titanium alloy surface through the laser
ablation process were carried out using different pulse durations in a range of 65 to
200 ns on polished and unpolished as-received Ti-6Al-4V. Super-hydrophobic surface
structures with high water repellence behaviour were achieved. The key finding of this
research are presented below.
Analysis of the SPI G4 nanosecond pulsed fibre laser capabilities for the ablation of
Ti-6Al-4V was explored in Chapter 4 of this thesis. Single pulse ablation threshold
values were calculated for polished and unpolished as-received samples with a pulse
duration range within 65 to 200 ns. The obtained results provided windows of param-
eters of 5.34 J/cm2 ± 0.05 for 65 ns pulse duration to 10.25 J/cm2 ± 0.09 for 200 ns
pulse duration on polished Ti-6Al-4V, and 4.53 J/cm2 ± 0.06 for 65 ns pulse duration
to 10.41J/cm2± 0.0.15 for 200 ns pulse duration on unpolished as-received Ti-6Al-4V.
The calculation of the ablation threshold gave trending equations for calculating the
ablated crater size at a give EPulse and pulse duration.
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Rate of single pulse material removal was quantified through depth of ablation with
different pulse durations providing a range of 0.84±0.11µm, for 65 ns pulse duration, to
1.77±0.06µm, for 200 ns pulse duration, using a calculated EPulse ≈ Dmin for a proper
comparison. The correlation between decrease in the amount of material removed per
pulse and the decrease in pulse duration was linked to the temporal pulse shape of
the different pulse durations of the SPI G4 system, which shows a rapid energy rise
followed by a low energy long coupling time increasing the heating of the material and
thus the depth of ablation per single pulse, especially when pulse duration is above 100
ns. Nevertheless, when the pulse duration is below 100 ns, this low energy coupling
time is significantly reduced and thus reducing the depth of ablation per single pulse.
Molten material accumulation as observed to follow the same trend as the depth of ab-
lation per single pulse with different pulse durations, increasing the amount of molten
material as the pulse duration is increased.
Two main scanning techniques were investigated for the creation of super-hydrophobic
surface in Chapter 5, a square-grid shape and a low pulse overlap shape technique.
From the square-grid shape technique a small hatch distance(H.D.) of 50 µm as con-
cluded to achieve a super-hydrophobic behaviour achieving a static contact angle of ≈
159◦ and a contact angle hysteresis of ≈ 16◦ when samples are put through a thermal
post-processing after the laser surface texturing process. Surface topography analysis
of this particular micro-structure showed the creation of a micro-pillar like structure
due to molten material deposition and the similarity between H.D. and Dmin and thus
displaying a micro-pillar like surface structure which has been previously explored as
beneficial for super-hydrophobic behaviour on the nature.
The second scanning technique explored in Chapter 5 is the low ulse overlap shape
technique. This technique was developed for the creation of micro-pillar like surface
structures with a low Pulse Overlap (P.O.) and 10 overscans.
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The improved laser scanning technique was developed for the creation of micro-pillar
like surface structures with a low Pulse Overlap (P.O.) and 10 overscans. The low pulse
overlap was designed to provide small untreated areas between the ablated craters for
the creation of micro-pillars. This basically creates a surface with two methods, abla-
tion to remove material from the surface and molten material deposition for the creation
of micro-pillars. Creation of the micro-pillar like surface structure was carried out with
different pulse durations within a range of 90 to 200 ns and 130 µJ of EPulse in order
to compare the effects of pulse duration on the micro-structure. Surface structures
created with 140 ns displayed a static contact angle of ≈ 162◦ effectively presenting a
great super-hydrophobic behaviour with a contact angle hysteresis of ≈ 6◦ and a Slid-
ing Angle (SA) of ≈8◦. Surface topography and SEM imaging showed that in order to
achieve super-hydrophobic behaviour, a constant and well defined micro-pillar surface
structure needs to be produced, in comparison with surfaces created with longer pulse
duration(200 ns) that presented a micro-channels like surface which presented static
contact angles below the super-hydrophobic behaviour.
Surface chemistry analysis and static contact angle measurements showed that the use
of the thermal post-processing is beneficial for the increase and stabilisation of the
oxidation state of the material. This oxidation is activated with the laser surface tex-
turing process an is developed over time under ambient air conditions storage. The
use of the thermal post-processing has proven helpful for the reduction of the required
time and increase of TiO2 on the structured surface which helps to the hydrophobicity
behaviour. It is important to mention that a combination of a suitable micro-structure
and the oxides is required for a super-hydrophobic behaviour on the material. Surface
structures created with the same scanning technique but no thermal post-processing
displayed a hydrophilic behaviour in the first few days after the laser surface textur-
ing process and slowly improving the static contact angle over time without reaching
super-hydrophobic levels.
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A hierarchical surface micro-structure was created with the use of two laser systems,
the nanosecond pulsed fibre laser for the creation of micro-pillars followed by a pi-
cosecond laser to induce LIPSS(Laser Induced Periodic Surface Structures) on top of
the micro-pillars. The creation of this hierarchical structure proven beneficial for the
super-hydrophobic behaviour presenting a static contact angle ≈ 167◦ and contact an-
gle hysteresis ≈ 5◦ when the surface is subjected to a thermal post-processing. The
use of LIPSS on the surface structure created nanoscale surface structure covering the
entirety of the micro-pillars emulating super-hydrophobic natural surfaces such as the
Lotus leaf.
An alternative enhanced single laser technique was carried out with the nanosecond
pulsed fibre laser in order to emulate the creation of the nano-structures created with
the picosecond laser. This square-grid technique was generated with high Pulse Over-
lap (P.O.) in order to create micro-dimples with a separation of ≈ 4 µm to enhance the
surface roughness. This technique proved to be highly successful in the improvement of
the static contact angle of surfaces processed with pulse durations in the range of 65 to
200 ns. These surface structures were created on unpolished as-received Ti-6Al-4V in
order to demonstrate manufacturing capabilities. This alternative technique proved to
create surface structures capable of excellent results on the static contact angle (above
160◦) and relatively small contact angle hysteresis ≈ 3◦ and sliding angle ≈ 7◦ for a
surface processed with 130 ns of pulse duration and 7.09 J/cm2 of laser fluence.
It is believed that the novel approach presented in this thesis using a robust state
of the art nanosecond pulsed fibre laser can work as a reference for the creation of
super-hydrophobic surfaces in industrial mass production environments with a reduced
numbers of required tools and the flexibility provided by the fibre laser system.
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The manufacturing of suitable super-hydrophobic surfaces can be achieved with the
proposed scanning techniques and due to the maintenance free characteristics of the
SPI G4 system a cost of £1 per every 10cm2 of processed area can be roughly estimated
from the power consumptions characteristics of the laser system including the auxiliary
equipment such as computer, controller, galvo-scanning and positioning system.
8.2 Recommendations for future work
The work carried out during this research project shown potential applications for ro-
bust state of the art fibre laser systems in the manufacturing industry. In order to
increase the viability of the work presented in this thesis on the manufacturing envi-
ronment, further recommendations are given below.
Due to the operation parameter of the SPI G4 system, the manufacturing speed was
governed by the pulse duration selection, defining the pulse frequency and thus, the
required scanning speeds. This creates a limitation on the processing speed for big
surface areas increasing the required time for the laser surface texturing process and
limiting the manufacturing volume capabilities. In order to improve this, a diffractive
optical beam splitter can be implemented before the galvo-scanning system producing
multiple beams for the laser surface texturing process. This can increase the manu-
facturing speeds with the correct parameters selection. Multiple beam processing has
been proven beneficial with ultra-short pulsed lasers, and the implementation on the
nanosecond fibre laser system could improve the processing times allowing a high vol-
ume manufacturing system.
As demonstrated during this work, the oxidation state of the surface plays a signifi-
cant role in the creation of super-hydrophobic surfaces on metallic materials. During
this work this was improved with a low-temperature thermal post-processing, however,
this required the use of additional equipment and increased the manufacturing time.
Although thermal processes are a common practice in the manufacturing industry,
especially with metallic alloys, these can also be improved. The nanosecond pulsed
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fibre system is capable of providing different thermal processes due to the laser beam
irradiation as demonstrated in this work. In this case, an opportunity for emulating
the thermal post-processing with the nanosecond pulsed fibre laser instead of using a
conventional oven can create a single system manufacturing process. Further investiga-
tions are required in order to induce the required oxidation via laser irradiation avoiding
melting regions in order to evade the modification of the created micro-pillar structures.
As demonstrated in chapter 6 of this work the creation of nano-structures induced
by an ultra-short pulsed laser proven to be beneficial for the development of super-
hydrophobic surfaces with small sliding angle (SA) and contact angle hysteresis (CAH).
More experiments for the creation of this type of surface structures using a nanosecond
pulsed fibre laser could improve the surface texturing technique improving the surface
structure proposed in this thesis.
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